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a b s t r a c t

BaðZr0:25Ti0:75ÞO3 (BZT) powders were synthesized by the polymeric precursor method (PPM) at

different temperatures (400, 500 and 700 1C) for 2 h and by the solid state reaction (SSR) at 1350 1C for

4 h. These powders were analyzed by X-ray diffraction (XRD), ultraviolet–visible (UV–vis) absorption

spectroscopy and photoluminescence (PL) measurements. XRD patterns indicated that the crystalline

BZT powders prepared by both methods present a cubic structure. The different optical band gap values

were observed from the UV–vis spectra, suggesting the presence of intermediary energy levels (shallow

and deep holes) within the band gap. When excited with 350 nm wavelength at room temperature, the

BZT powders obtained by SSR exhibited only one broad PL band with a maximum at around 467 nm

(blue emission). On the other hand, it was noted the presence of two broad bands when BZT powders

were prepared by the PPM, where the correspondent positions are influenced by the heat treatment

temperatures. Finally, a model was proposed in order to explain the origin of the PL property in these

powders.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the last years, Pb-based ceramic oxides have been
widely studied due to its excellent ferroelectric, dielectric and
piezoelectric properties [1–3]. In particular, PbTiO3-based solid
solutions have dominated for decades the technological field
responsible for the development of piezoelectric materials [4].
However, these materials present two serious drawbacks when
heat treated in range from 500 to 900 1C [5], i.e., the volatility
and toxicity involved with the Pb [6]. Thus, the scientific
community has searched new materials with interesting chemical
and physical properties in order to replace the Pb-based
compounds for environmental friendly applications [7]. An
alternative material for this purpose is BaðZr;TiÞO3 (BZT) [8–14],
which has important applications in microwave technologies
because of its high dielectric constant, low dielectric loss and large
tunability when compared to the ðBa; SrÞTiO3 ceramics [15,16].
The electrical properties exhibited by this material are arising
from a lattice expansion effect because that the ionic radii of Zr

(0.087 nm) is higher and more stable than the Ti (0.068 nm)
[17,18]. In principle, different factors are able to influence in the
dielectric and ferroelectric properties of this material, such as:
average grain size distribution, sintering temperature, presence of
dopant ions (La3þ, Pr3þ, Nd3þ, Dy3þ, Er3þ, Nb5þ, Bi3þ, V5þ, W5þ)
and/or composites (MgO) into the matrix [19–25].

Currently, several synthesis methods have been employed to
obtain BZT powders or thin films, for example: hydrothermal
process from peroxo-precursors [26], aqueous co-precipitation
technique [27], sol–gel [28] and sol–gel–ethanol thermal method
[29]. Although these methods have shown potential in the
preparation of pure BZT phase at low temperatures, they are not
able to improve the electrical properties due to the formation of
small particle sizes. On the other hand, the solid state reaction
(SSR) promotes a grain growth process in these ceramic oxides,
resulting in good dielectric, piezoelectric, tunability and ferro-
electric properties [30–32].

In terms of optical properties, some studies of crystalline and
non-crystalline BZT materials reported in the literature has mainly
focused on the infrared optical properties, complex refractive
index and photoluminescence (PL) emissions [33–37]. Therefore,
in this letter, we report on the photoluminescence properties at
room temperature of BaðZr0:25Ti0:75ÞO3 (BZT) powders prepared by
the polymeric precursor method (PPM) at different temperatures
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(400, 500 and 700 1C) for 2 h and by the SSR at 1350 1C for 4 h.
These powders were analyzed by X-ray diffraction (XRD),
ultraviolet–visible (UV–vis) absorption spectroscopy and photo-
luminescence measurements.

2. Experimental procedure

2.1. Synthesis of BaðZr0:25Ti0:75ÞO3 powders by solid state reaction

and polymeric precursor method

In the SSR, BaCO3 (99.9%, S.D. Fine Chem., Mumbai),
TiO2 (99.9% E. Merck India Ltd.) and ZrO2 (99.9% Loba Chem.,
Mumbai) were used as raw materials. These powders were
stoichiometric mixed using isopropyl alcohol (IPA) and milled by
means of an agate mortar to obtain a homogeneous powder.
Afterwards, this powder was heat treated at 1300 1C for 6 h with
repeated cycles of mixing and grinding. Finally, the pure BZT
phase was obtained when the heat treatment was performed at
1350 1C for 4 h.

In the PPM, three samples of BZT powders were prepared using
barium nitrate [BaðNO3Þ2] (99.5%, Aldrich), titanium isopro-
poxide [TiðOC3H7Þ4] (99%, Sigma-Aldrich), zirconium n-propoxide
[ZrðOC3H7Þ4] (99%, NOAH Technologies), ethylene glycol (C2H6O2)
(99.5% J.T. Baker), citric acid (C6H8O7) (99.5%, Mallinckrodt) as raw
materials. In a typical experimental procedure, Ti and Zr citrates
were formed by the dissolution of [TiðOC3H7Þ4] and [ZrðOC3H7Þ4]
in citric acid aqueous solutions under constant stirring. These
solutions were homogenized and mixed with a molar proportion
of 25:75 between Zr and Ti, respectively. This citrate solution was
stirred and heated at 90 1C to obtain a clear and homogenous
solution. In the sequence, BaðNO3Þ2 was dissolved in stoichio-
metric quantity into the Ti–Zr citrate solution. The solution
pH was adjusted to 7 with ammonium hydroxide (NH4OH)
(30%, Mallinckrodt), preventing the precipitation of barium
citrate. After solution homogenization, C2H6O2 was added in
order to promote the citrate polymerization by means of the
polyesterification reaction. Into this system, the citric acid/
ethylene glycol mass ratio was fixed at 60:40 wt%. The resulting
solution was heated at 120 1C under constant stirring to eliminate
water, consequently forming a polymeric resin. This polymeric
resin was then placed in a conventional furnace and heat treated
at 350 1C for 4 h to promote the organic matter decomposition
arising from C6H8O7 and C2H6O2. Finally, the obtained precursors
were heat treated at different temperatures (400, 500 and 700 1C)
for 2 h.

2.2. Characterizations

BZT powders prepared by SSR and PPM were structurally
characterized by X-ray diffraction using a DMax/2500PC diffract-
ometer (Rigaku, Japan). XRD patterns were obtained using Cu-Ka
radiation in the 2y range from 101 to 751 with a scanning
rate of 0.021/min. UV–vis spectra were taken using a Cary 5G
(Varian, USA) equipment in diffuse reflection mode. PL measure-
ments were performed through a Monospec 27 monochromator
(Thermal Jarrel Ash, USA) coupled to a R446 photomultiplier
(Hamamatsu Photonics, Japan). A krypton ion laser (Coherent
Innova 90 K, USA) with 350 nm wavelength was used as excitation
source, keeping its maximum output power at 200 mW. UV–vis
and PL spectra were taken three times for each sample in order to
ensure the reliability of the measurements. All measurements
were performed at room temperature.

3. Results and discussion

3.1. X-ray diffraction analyses

Figs. 1(a,b) show the XRD patterns of BZT powders prepared by
PPM and SSR.

XRD patterns were employed to analysis the structural
evolution process at long-range or lattice periodicity during the
crystallization process of BZT powders with the increase of heat
treatment temperature. In Fig. 1(a), the powders prepared by the
PPM and heat treated at 400 1C did not exhibit diffraction peaks
ascribed to BZT phase, suggesting a typical behavior of material in
amorphous state or disordered at long-range (Fig. 1(a)). However,
when the BZT powders were heat treated at 500 1C for 2 h, it was
observed the presence of diffraction peaks related to the two
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Fig. 1. (a) XRD patterns of BZT powders prepared by PPM and heat treated at

400–500 1C for 2 h and (b) XRD patters of BZT powders prepared by SSR and heat

treated at 1350 1C for 2 h and BZT prepared by PPM and heat treated at 700 1C for

2 h. The vertical lines (j) indicate the relative position of JCPDS card no. 36-0019.
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different phases (BZT and BaCO3) [38]. Possibly, the formation
of the BaCO3 (secondary phase) was caused by the presence
of a reductive atmosphere, which is arising from the organic
compound decomposition (C2H6O2 and C6H8O7) into the system.
However, the heat treatment performed at 700 1C favored the
formation of pure BZT phase (Fig. 1(b)). This result suggests that
the increase of heat treatment temperature promotes a decom-
position process of the secondary phase (BaCO3!

n
BaOþ CO2) as

well as a structural rearrangement of barium clusters into the BZT

lattice. Also, as it can be seen in this figure, the powders prepared
by SSR and heat treated at 1350 1C for 4 h presented only
diffraction peaks corresponding to pure BZT phase. Probably, the
several stages of gridding and heat treatment in this high
temperature were key factors in order to promote a slow kinetics
of interdiffusion in the contact points between the BaCO3, TiO2

and ZrO2 to complete the reaction and to form the final product
(BZT phase). Moreover, the XRD patterns of both powders
prepared by PPM at 700 1C and SSR at 1350 1C showed intense
and well-defined diffraction peaks (Fig. 1(b)), indicating a high
degree of structural order at long-range. These diffraction peaks
were indexed to the perovskite-type cubic structure with space
group Pm3m, in agreement with the respective ‘‘Joint Committee
on Powder Diffraction Standards’’ (JCPDS) card no. 36-0019 [39].
The XRD results obtained in this work are also in agreement with
those previously reported in the literature [40,41].

The lattice parameters and unit cell volume of BZT powders
prepared by PPM at 700 1C and SSR at 1350 1C were calculated
by means of the UNITCELL-97 program [42] and using the
regression diagnostics combined with nonlinear least squares to
refine cell parameters from powder diffraction data. Table 1 shows
a comparison between the lattice parameter values obtained in
this work with those reported in the literature [40,41] and JCPDS
card [39].
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Table 1
Lattice parameter and unit cell volume values of BZT powders prepared by PPM

and SSR heat treated at 700 1C for 2 h and 1350 1C for 4 h, respectively.

Method T (1C) Time (h) a ¼ b ¼ c lattice Unit cell Ref.

parameter (Å) volume (Å3)

SSR 1400 6 4.06 66.923(4) [40]

SSR 1400 6 4.04 65.939(2) [40]

PPM 700 2 4.0502 66.439(9) [41]

SSR 1350 4 4.0493(4) 66.397(8) [{]

PPM 700 2 4.0527(7) 66.566(4) [{]

JCPDS 4.05 66.528(5) [39]

T ¼ temperature, Ref : ¼ references and ½{� ¼ this work.

Fig. 2. Supercell representation 1� 2� 2 of the cubic BZT structure: (a) crystalline BZT-o, (b) ordered–disordered BZT-dTi; (c) ordered–disordered BTZ-dZr and (d) distorted

BZT-dTi .
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In this table, it was verified that the lattice parameter values
of BZT powders are very close to that reported in the literature
[39–41]. The slight differences can be related to the small lattice
distortions caused by the residual stresses induced by the
preparation conditions, mainly including heat treatment tem-
perature, processing time and stages of grinding (in SSR).

3.2. Models: ordered, ordered–disordered and distorted for

BaðZr0:25Ti0:75ÞO3

Figs. 2(a–d) show the schematic representation of four BZT
supercells ð1� 2� 2Þ.

In an ordered BZT supercell, all Zr and Ti atoms are bonded to
six oxygens ([ZrO6] and [TiO6] clusters), forming a polyhedron-
type with octahedral configuration (Fig. 2(a)). This crystalline
structure is characterized by a high degree of symmetry, i.e.,
without the presence of structural defects (oxygen vacancies
or distortions) able to change the clusters organization. However,
the ordered–disordered BZT supercells present a symmetry
break along the O–Zr–O and/or O–Ti–O bonds, resulting in
complex clusters with different coordination numbers (½TiO6�2

½ZrO6�, ½TiO6�2½ZrO5� and ½TiO5�2½ZrO6�) or distortions on the
½TiO6�2½TiO6� octahedral clusters (Figs. 2(b–d)). The presence of
these complex clusters into the lattice can be detected by X-ray
absorption near edge structure/extended X-ray absorption fine

structure techniques and associated with quantum mechanical
calculations [43,44].

Figs. 2(b–d) show a schematic representation of one perovs-
kite-type cubic supercells with structural order–disorder caused
by a displacement on Ti–O bonds (BZT-dTi), Zr–O bonds (BZT-dZr)
and Ti–O bonds (BZT-dTi), respectively. In these models, it was
performed a displaced along the [0 0 1] and ½0 0 1� direction
(z-axis) on one Ti or Zr atom in order to represent the two Ti/Zr
environments, i.e., [Zr;TiO5 � V

z
O] complex clusters with pyrami-

dal-type configuration, where Vz
O ¼ Vx

O, V�O, V��O and/or ½Ti;ZrO6�

with octahedral-type configuration.
Thus, these proposed models can be extended to n-clusters in a

random distribution into the lattice. The structural defects
observed in these supercells can be attributed to the oxygen
vacancies and/or distortions, which present three different charge
states: (a) neutral (Vx

O)—capture two electrons, (b) singly ionized
(V�O)—capture only one electron and (c) double ionized (V��O )—it is
not able to trap electrons. Double charged oxygen vacancies (V��O )
are the most mobile charge carriers into a structure, assuming an
important role in the conduction mechanism.

3.3. Ultraviolet–visible absorption spectroscopy analyses

Figs. 3(a,b) show the UV–vis absorbance spectra of BZT
powders prepared by PPM and SSR.
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Fig. 3. (a) UV–vis absorbance spectra of BZT powders prepared by PPM and heat treated at (a) 400 1C, (b) 500 1C, (c) 700 1C for 2 h and (b) UV–vis absorbance spectra of BZT

powders prepared by SSR heat treated at 1350 1C for 2 h.
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The optical band gap energy (Egap) was estimated by the
method proposed by Wood and Tauc [45]. According to these
authors the optical band gap is associated with absorbance and
photon energy by the following equation:

hna / ðhn� EgapÞ
2, (1)

where a is the absorbance, h is the Planck constant, n is the
frequency and Egap is the optical band gap.

In this case, the Egap of BZT powders were evaluated
extrapolating the linear portion of the curve or tail. In
Figs. 3(a–c), the results indicate a considerable increase in the
Egap values with the temperature evolution for the BZT powders
prepared by PPM. In principle, this behavior indicates the
existence of different intermediary energy levels within the band
gap of these materials, which can be arising from the structural
order–disorder into the lattice due to a symmetry break between
the O–Zr–O and O–Ti–O bonds (oxygen vacancies). Thus, the
increase of heat treatment temperature is able to induce a
structural rearrangement, reducing the presence of these energy
levels within the band gap and increasing the Egap values. Based
on this hypothesis, we believe that the intermediary energy levels
are composed of deep and shallow holes [46]. The deep holes
(between the valence band and conduction band with small Egap

values) are considered emission centers responsible for the green,
yellow, orange and red PL at room temperature, while the shallow
holes (between the valence band and conduction band with high
Egap values) are associated to the violet and blue emissions.

An analysis performed on the results in Fig. 3(d) indicates that
the Egap of BZT powders prepared by PPM at 700 1C for 2 h is
higher than by SSR at 1350 1C for 4 h. Based on this information,
it is possible to conclude that the SSR resulted in a lower
concentration of intermediary energy levels within band gap. In
fact, although the repeated cycles of grinding in SSR are able
to cause the formation of a high density of structural defects
(distortions) into the lattice, the high heat treatment temperature
for long processing time tends to minimize them. Therefore, this
result indicates that the Egap can be influenced by the preparation
methods, mainly considering the experimental synthesis
conditions (temperature, time, etc.) [47].

3.4. Photoluminescence analyses: emission spectra studies

Figs. 4(a,b) show the PL spectra of BZT powders prepared by
PPM and SSR.

The PL profiles of BZT powders as a function of heat treatment
temperature suggest an emission mechanism characterized by the
participation of several energy levels (or light emission centers)
able to trap electrons within the band gap (Figs. 4(a,b)). In
Fig. 4(a), the powders prepared by SSR at 1350 1C for 4 h exhibited
a low and broad PL emission, where the maximum is situated at
around 467 nm (blue emission). This behavior suggests that there
is a greater contribution of the shallow holes than the deep holes
on the PL spectrum. On the other hand, the PL spectra of BZT
powders formed by PPM are very different when compared to that
obtained by SSR. In this case, considering the PPM, it was noted
that the powder heat treated at 400 1C for 2 h presented a broad PL
band with a maximum emission at around 609 nm (orange
emission). As observed in the XRD patterns, this powder is in
amorphous state or disordered at long range (Fig. 1(a)). However,
the PL behavior indicates that there is a structural order at
medium range, where the intermediary energy levels responsible
for this optical property are arising from [BaO12], [TiO6] and [ZrO6]
complex clusters.

The heat treatment performed at 500 1C for 2 h resulted in the
presence of two well-defined broad PL bands. The first one was

observed at 447 nm (blue emission), while the second one was
verified at 549 nm (green emission) (Figs. 4(a,b)). Moreover, the
presence of BaCO3 in this powder was detected (Fig. 1(a)),
as consequence of a reductive atmosphere arising from the
organic matter decomposition (C2H6O2 and C6H8O7). According
to the literature [48], the BaCO3 does not present PL emission at
room temperature. In addition, beyond this secondary phase, the
temperature of 500 1C possibly resulted in favorable thermody-
namic conditions to induce a rearrangement process between the
[BaO12], [TiO6] and [ZrO6] complex clusters to form the BZT phase.
Therefore, we believe that this mechanism causes a reorganiza-
tion of the intermediary energy levels (deep and shallow holes)
within the band gap, resulting in the formation of these two
emission bands. Basically, the origin of these energy levels is
associated with the symmetry break into the lattice due to the
existence of oxygen vacancies or distortions, i.e., ½TiO6�2½ZrO5� V

z
O�,

½TiO6�2½TiO5 � V
z
O� complex clusters and/or distorted ½TiO6�2½TiO6�

clusters (Figs. 2(b–d)).
When the powders were submitted to a heat treatment

temperature of 700 1C, it was possible to verify a significant
reduction in the PL intensity as well as a shifting of the maximum
emission bands (Fig. 4(b)). A plausible explication for this
phenomenon can be the increase of structural order or crystal-
linity of the material, consequently decreasing the oxygen
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Fig. 4. (a) PL spectra of BZT powders prepared by SSR and heat treated at 1350 1C

for 2 h and (b) PL spectra of BZT powders prepared by PPM and heat treated at 400,

500 and 700 1C for 2 h.
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vacancies into the lattice and the intermediary energy levels
within the band gap. Moreover, under this temperature condition,
the PL profile indicates a considerable reduction of the energy
states related to the shallow holes due to the low band intensity
located at around 476 nm (blue emission). Considering this
information, it is possible to conclude that there is a transition
from ordered–disordered to ordered BZT structure.

3.5. Wide band model

Fig. 5 shows a proposed model in order to explain the PL
behavior of these ceramic oxides.

Blasse and Grabmaier [49] reported that the PL emission arises
from the radiative return to the ground state, phenomenon that is
in concurrence with the non-radiative return to the ground state.
In the non-radiative process, the energy of the excited state is
used to excite the vibrations of the host lattice, i.e., heat the
lattice. The radiative emission process occurs more easily if there
are trapped electrons by holes within the band gap [50].
According to the literature [47], the complex clusters observed
in ordered–disordered materials result in intermediary energy
levels able to trap electrons. In our case, the charge transference
process as well as the trapping of electrons occur from
½TiO6�

0 ! ½ZrO5 � V
z
O�; ½TiO6�

0 ! ½TiO5 � V
z
O�; ½ZrO6�

0 ! ½TiO5 � V
z
O�

complex clusters or e02h� pairs into the BZT lattice, when excited
with 350 wavelength (Fig. 5a). In terms of band structures, the
symmetry break caused by these kind of clusters leads to the
formation of intermediary energy levels composed of oxygen (O)
2p states (small Egap ¼ 2:08 eV; deep holes) as well as titanium (Ti)
3d and zirconium (Zr) 4d states (high Egap ¼ 2:98 ev; deep holes)
(Fig. 5(b)). During the excitation process at room temperature,
several electrons situated in O 2p states are promoted to Ti 3d
states or Zr 4d states as consequence of the absorption of photons
(hn). Consequently, this physical process induces the formation of
self-trapped excitons (STEs), i.e., trapping of electrons (e0) by holes
(h�) (Fig. 5(c)). When the electrons move from higher (Ti 3d states
or Zr 4d states) to lower (oxygen 2p states) energy levels occurs
the emission of photons (hn0) (Fig. 5(d)). The distribution and joint
contribution of these energy levels influence in the Egap value and
consequently in the PL behavior of the powders. Hence, the PL
profiles of BZT powders prepared by PPM and SSR exhibit different
characteristics when excited by the same wavelength (Fig. 5(e)).

4. Conclusions

In summary, BZT powders were synthesized by the PPM at
different temperatures (400, 500 and 700 1C) for 2 h and by the
SSR at 1350 1C for 4 h. XRD patterns confirmed that the crystalline
powders obtained by the PPM at 700 1C and SSR at 1350 1C have a
cubic structure. UV–vis absorption spectra indicated that the
increase of Egap values is caused by a reduction of the deep
increase of shallow holes between valence band and conduction
band. The origin of these energy levels was associated to the
structural order–disorder into the lattice due to a symmetry break
between the O–Zr–O and O–Ti–O bonds, i.e., formation of
½TiO6�2½ZrO5 � V

z
O�; ½TiO6�2½TiO5 � V

z
O� and ½ZrO6�2½TiO5 � V

z
O� com-

plex clusters (oxygen vacancies). The PL profiles of BZT powders
prepared by the PPM and SSR showed significant differences when
compared. These results suggest that the experimental conditions
(heat treatment temperature, processing time) employed in the
synthesis methods are key factors on the PL behavior. Moreover,
the reduction observed in the PL intensity from 500 to 700 1C of
BZT powders prepared by the PPM was related to the increase
of structural organization. In this case, the defects associated to
the oxygen vacancies were minimized into the lattice as well as
the intermediary energy level distribution within the band gap.
A model was proposed in order to explain the origin of the PL
behavior, which was based on the existence of deep holes that are
responsible by green–orange PL emission and shallow holes to
blue PL emission.
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