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The emission of wide band photoluminescence showed a synergic effect on barium zirconate and barium
titanate thin films in alternate multilayer system at room temperature by 488 nm exiting wavelength. The thin
films obtained by spin-coating were annealed at 350, 450, and 550 °C for 2 h. The X-ray patterns revealed
the complete separation among the BaTiO3; and BaZrOs phases in the adjacent films. Visible and intense
photoluminescence was governed by BaZrOs; thin films in the multilayer system. Quantum mechanics
calculations were used in order to simulate ordered and disordered thin films structures. The disordered models,
which were built by using the displacement of formers and modifier networks, showed a different symmetry
in each system, which is in accordance with experimental photoluminescence emission, thus allowing to
establish a correlation among the structural and optical properties of these multilayered systems.

1. Introduction

Recently, much attention is focused on the photoluminescent
(PL) properties of titanates and zirconates with a disordered
perovskite structure. The main reason is the distinct potential
of these materials for electro-optic applications.!-> The optical
properties of disordered semiconductors are characterized by
the presence of a broad PL band. This phenomenon is attributed
to the electronic states inside the band gap,? which are the main
defects for an intense PL response.*> The presence of states
inside the band gap was attributed to the formation of clusters
such as [ZrOs]—[TiOg] or [ZrOg]—[TiOs] which decrease the
gap’s emission.®” Hence, the decrease in gap energy is related
to oxygen deficiency promoted by the distortion of formers and
modifier networks.®® Recently, Ba(Zr,,Ti—,,)O3 (BZT) was
chosen as an alternative material to PZT in the manufacture of
bulk ceramic or thin films '%!! because it is highly stable and
lead-free. However, the literature contains few reports about
its PL properties, especially those of BZ thin films.

Many efforts have been made for preparing BaTi0; thin films
by different deposition techniques such as sputtering, '? pulsed
laser deposition, ¥4 and molecular beam epitaxy.!> More
recently, an alternative route, based on a method of chemical
solution deposition, called complex polymerization route, has
been successful used for growing thin films of several oxides.
The most interesting advantages of this method, compared with
physical deposition methods, are the high deposition rates and
low operational cost, because no high vacuum and others
expensive equipments are involved in the process. Some
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examples of thin films successfully deposited by the complex
polymerization route are PZT,'® BaTiO3,'7 SrTiO;,' LiNbO;,!?
and LaNiO;?° films. In all cases, the proposed methodology
allowed the production of stoichiometric films with excellent
structural and electrical properties, comparable with samples
prepared in other works. Pontes and co-workers also used this
methodology to prepare SrTiOs/BaTiOs and PbTiO3/PbZrOs
crystalline multilayer thin films.2!?2

In this work, we present the role of order—disorder degree
associated with symmetry changes to discuss the visible two-
dimensional PL properties in disordered BaZrOs; (BZ) and
BaTiOs3 (BT) thin films, as well as those of an alternate BT/BZ
multilayer system at room temperature.

2. Experimental Details

BaZrO3 and BaTiOs thin films were prepared by the complex
polymerization method.!” In this method, metallic alkoxides
were added into a citric acid solution in order to obtain a metallic
citrate complex. Titanium isopropoxide and zirconium butoxide
(Aldrich) were utilized for BZ and BT, respectively. After this,
a stoichiometric amount of barium carbonate (Mallinckrodt) was
added, followed by the addition of ethylene glycol to promote
the polymerization reaction. Those polymeric resins were
deposited by spin coating onto Si(111) substrates by using a
Chemat Technology KW-4B spin coater. The films were heat-
treated at different temperatures, that is, 350, 450, and 550 °C
for 2 h in air atmosphere.

Each deposited layer was subjected to all the treatment before
the deposition of the next layer, and four layers were deposited
in order to obtain films with the desired thickness of ap-
proximately 250 nm estimated by the ellipsometry measurements.

3. Characterizations and Computational Methods

The samples were characterized by X-ray diffraction (XRD,
Rigaku DMax 2500) by using CuKa radiation. Data were
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Figure 1. XRD patterns for (a) BaZr0s, (b) BaZr0;/BaTiO; multilayer
system, and (c) BaTi0; thin films annealed at (1) 550 °C, (2) 450 °C,
and (3) 350 °C for 2 h in air atmosphere.

collected from 20 to 60° in 26 range. The data were collected
in fixed-time mode, with 0.02° step size and 1 s/point.
Photoluminescence spectra of the thin films were taken with a
U-1000 Jobin-Yvon double monochromator coupled to a cooled
GaAs photomultiplier and a conventional photon counting
system with 488.0 nm exciting and laser’s maximum output
power kept at 27 mW at room temperature. To gain a better
understanding of the PL properties and their dependence on the
structural order—disorder, the PL curves were analyzed by
PickFit decovolution software.??

In this case, the ordered and disordered structures were
compared individually by quantum mechanical calculations
carried out with the CRYSTAL98 package,?* which is based
on both density functional theory and Hartree—Fock methods.
The gradient-corrected correlation functional by Lee??¢ was
used, combined with the Becke3 exchange functional, B3LYP.
Atomic centers have been described by all-electron basis sets
9763-311 (d631)G for Ba,?” 976-31 (d62)G* for Zr,?’ 86-41
L(d31)G for Ti,”® and 6-31G* for O.%2 Models for crystalline
and distorted structures were built. These models were used to
understand the PL by the ATOMDISP option of 0.5 A
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Figure 2. Deconvolution of PL spectra of BZ, BT/BZ, and BT thin
films annealed at 350 °C for 2 h under air atmosphere.

displacements in the CRYSTAL98 package for the following
atoms and associations: Ti, Zr, Ba, Ba—Ti, and Ba—Zr.

4. Results and Discussion

Figure 1 shows the XRD patterns of the samples deposited
on Si(I111) substrates. In all cases, the films annealed at 350
and 450 °C have a disordered structure. This can be seen by
the complete absence of diffraction peaks. The samples ther-
mally treated at 550 °C are all crystalline ones. BT and BZ
samples are single phase, indexed as a typical perovskite phase
(JCPDS card no. 05-0626) with P4mm space group symmetry
in tetragonal structure and (JCPDS card no. 06-0399) in Pm3m
space group in cubic structure, respectively. In addition, there
is no peaks related with Ba(Ti,Zr)O; solid solution phase. This
results show that the proposed methodology allows the deposi-
tion of multilayer heterostructures without diffusion in the
interfaces.

Photoluminescence of BZ and BT individual thin films at
room temperature are reported in Figures 2 and 3 together with
PL emission for BT/BZ multilayered thin films. In this figures,
the indication of the a synergic effect between its thin films in
multilayered systems annealed at 350 and 450 °C for 2 h can
be observed. As these figures indicate, BZ films had a
predominant effect on PL emission. Because the BZ films
present a more intense photoluminescence than BT, it declines
more quickly as shown in Figure 4. This PL effect was not
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Figure 3. Decovolution PL spectra of BZ, BT/BZ, and BT thin films
annealed at 450 °C for 2 h under air atmosphere.
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Figure 4. Evolution of photoluminescence spectra due to higher trend

for structural order of BZ thin films in multilayered system annealed
at 450 °C for 2 h under air atmosphere.

observed in BZ and/or BT powders.®* Figures 2 and 3 depict
the overall PL spectra and the decovolution in three distinct
common bands, where the first maximum occurred at around
2.32 eV, followed by a maximum at 2.20 eV and one at 2.10
eV in all the thin films under study. A fourth uncommon band
was observed at 1.80 eV in BZ films and at 1.93 eV in BT
films.

The BT/BZ multilayer thin films showed five maxima in the
common bands, with two occurring at 1.86 and at 1.99 eV.

Moreira et al.

Ba ~_*_' ‘ ‘b m_‘_ e _-_—T;-___—..

u--'ﬁ . |Ir.“'|1l ._]*.i.

- | |
) | |
aa;"h.'f v.l.ﬂ"rw‘.' L2 EE" q.'r'r

| | | """r'_ U;V&_

"'o‘.i—' | oo |
| i1 |
| | & | "
Figure 5. Structural models for (a) crystalline, (b) Ti and/or Zr, (c)
Ba, and (d) Ba—Zr and/or Ba—Ti associations displacements performed
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Figure 6. Dependence of energy gap on 0.5 A displacement for Ba,
Ti, Zr, Ba—Zr, and Ba—Ti associations with the respective degenerate
states in (a) BT, (b) BZ, and (c) BT/BZ multilayered thin films.

These two bands were in fact the ones observed in the isolated
BT and BZ thin films, albeit displaced to a higher energy. This
is an indication of almost perfect synergy between BT and BZ
layers in the formation of photoluminescence because of
superpositions of individual layer emission in multilayered
system. The PL spectra of BT thin films depicted in Figures 2
and 3 are composed of two color components, the green
component (maximum below 550 nm) and the yellow compo-
nent (maximum below 623 nm). The BZ thin films, in turn,
contain three color components: green, yellow, and red com-
ponent (maximum below 710 nm). The PL spectrum of BT/BZ
multilayer thin films is in fact a superposition of common and
individual BT and BZ components. Each color represents a
different type of electronic transition generated by different
degrees of structural order—disorder®” in each BT and BZ thin
film in the multilayer system. The photoluminescence profile
is typical of a multiphoton process, that is, an emission that
occurs by several paths, involving numerous states within the
forbidden band gap. These observations confirm the fact that
PL is directly associated with the localized states existing inside
of the band gap which are directly affected for degree of
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order—disorder. Thus, when the structural order increases, the
gap energy increases t00.3!

It is noted that both the excitation energy of 2.54 eV (488
nm) and the maximum profile emission centered around 2.1 eV
for BT and 2.3 eV for BZ thin films are smaller than the band
gap energy of highly ordered BT and BZ compounds, respec-
tively. Therefore, there must exist certain localized levels within
the forbidden band gap because the direct electron transition
between the valence band and the conduction band should be
not allowed.?®

As one can see from Figure 5, no PL emission was observed
for the thin films annealed at 550 °C for 2 h. One can also
notice the predominant effect of BZ thin film on PL emission,
which presents a higher trend for structural order than BT thin
films when the annealing temperature increases. This fact is due
to the increase of the structural order in these films and
consequent reduction of the intermediate localized states inside
the forbidden band gap.

Theoretical calculations were introduced with to better
understand the creation of the states whitin the band gap. For
this, the displacement of network formers (Ti, Zr) and/or
network modifiers (Ba) promotes changes in symmetry, generat-
ing intermediate states inside the band gap for each displacement
in each thin film.3! These displacements can be associated with
the breaking of bonds (Zr—O0), (Ti—O) and/or (Ba—O0), the
formation of complex vacancies such as V. Thus, the emission
is described as electron—hole recombination of a localized states
in a no-regular octahedron [TiO—TiOs, ZrOs—ZrOs, and/or
BaO;,—BaOj; complex clusters],>3>3 associated with structural
disorder in BT, BZ, and BT/BZ multilayer thin films by the
following equations.
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[BaO,,I' + [BaO,, V] —[BaO,,]’ +[BaO,,V{] (6)

In this case, the [TiOsV{], [ZrOsVi], and [BaO;; V(] clusters
are donor candidates. Besides, the [TiOg]*, [ZrO¢]*, and [BaO,]*
clusters are acceptors candidates such as [TiOsVy], [ZrOsVyl,
and [BaO;;Vg]. On the other hand, the [TiOsVo™], [ZrOsVo™],
and [BaO;; V'] are donor—acceptor candidates that were related
by the displacement atoms in the structure such as that shown
in Figure 5.

The models were simulated by using the CRYSTAL98
program, and the ATOMDISP option was used to provide the
atomic displacements in the structure. Four different periodic
models were built for BZ, BT, and BT/BZ. The atoms in ordered
and disordered models are designed as A = B = Ti and Zr for
BT and BZ models, respectively, and A = Ti and B = Zr for
BT/BZ models.

The first model represents the ordered structure (crystalline)
for BZ and BT models (see Figure 5a). The three others periodic
models describe the disordered structure for BZ, BT, and BT/
BZ models. These were simulated by displacement of the
zirconium in direction z (see Figure 5b), barium in the diagonal
direction (see Figure 5c), and zirconium—barium simultaneously
(see Figure 5d) for BZ, BT, and BT/BZ models, respectively.
The Zr, Ti, and Ba atoms were displaced by 0.5 A in the z and
diagonal (0.5, 0.5, 0.5) directions.

Figure 5a shows the symmetry structure for BZ, BT, and BT/
BZ models, and figure Sb—d illustrates the structural disorder
for BZ, BT, and BT/BZ models. The asymmetric models were
designed by displacement of the network former (Zr) and
modifier (Ba). This displacement can be associated with three
types of mechanisms involving oxygen vacancies that generate
synergy in the system: Vo, Vo, and V§. These defect mecha-

[TiOg]" + [TiOs V(] — [TiOg] " + [TiO5Vyl ey nisms in the BZ, BT, and BT/BZ systems were simulated by
c N x . T 1 . - displacement of the Zr, Ti, and Ba atoms together and separately
[TiO4]" + [TiO5V )] — [TiO4] " + [TiO5V( ] @) to reproduce a disordered system or structural asymmetry.
[ZrO.T" + [ZrOVi] — [Z1O,] ' + [ZrO-V})] (3) The gap energy values (eV) for each model investigated can
6 5V0 6 5V0 L2 .
be analyzed in Figure 6. Theses gap values were obtained by
[ZrO " + [ZrO V] — [ZrO.]" + [ZrO V] 4) theoretical results of level energy for atomic orbital oxygen in
6 5V0 6 5V0 gy yg
. . ) . the top valence band and in the bottom conduction band for
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difference for each model can be associated with the type of
structural asymmetry or defects. In these models, the Jahn—Teller
effect occurs, and the structural asymmetry induces the desta-
bilization of atomic orbital of the oxygen atoms that results in
the reduction of the gap values. This fact is responsible for the
photoluminescence properties because it favors the appearance
of small polarons in the gap region.

According to the hypothesis of Korzhik et al.,3* there are
vacant localized states linked to local defects such as oxygen
vacancies in the band gap above the valence band and below
the conduction band. In the Leonelli and Brebner®> model, some
electrons are promoted to the conduction band by absorption
of photon creating small polarons. The polarons interact with
holes trapped in the crystal (defects or impurities) and form
self-trapped excitons that contribute to the visible PL emission.
In our model, the wild band model,** the most important events
occur before excitation, in other words, before the photon’s
arrival. The deep and shallow oxygen complex clusters,
described by eqs 1-6, can generate localized states in the band
gap, Figure 7. Besides, the charge distribution in the cell is
inhomogeneous, thus allowing the trapping of electrons. The
localized levels are energetically distributed, so that various
energies are able to excite the trapped electrons.®

The defects originating from the displacement of Ti, Zr, or
Ba atoms and their associations promote the destabilization of
those atomic orbitals as well as of the oxygen orbital (Jahn—Teller
effect),? leading to the appearance of intermediate states inside
the forbidden band gap, as illustrate in Figure 7. It is known
from the literature that materials with disordered structure have
smaller band gap energy values than crystalline ones, as
observed in our quantum mechanics calculations.’’

The increase of destabilization states in the band gap energy
is due to a symmetry break, simulated by the displacement of
network modifier or network former atoms. In figure 7, the states
created in the forbidden band gap take the crystalline gap energy,
Figure 7a,d, to the lower gap energy by displacement of former
networks, Figure 7b,e, and by cumulative effect of the former
and modifier networks displacement, Figure 7c,f. Thus, a more
asymmetrical structure leads to lower band gap energy, which
is congruent with the experimental PL.

5. Conclusions

In conclusion, the PL emission of BT or BZ thin films was
attributed to structural disorders present in individual thin films
and in alternate BT/BZ multilayered thin film systems. The BZ
thin films are predominant in photoluminescence emission
because of a greated trend to structural order than that of BT
thin films. A synergic effect of these disordered layers in
multilayer systems was observed experimentally in the PL
spectra, which is in accord with the simulated break of symmetry
resulting from the destabilization of atomic orbitals performed
by atom displacements in these structures.
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