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Researches on solids heterojunctions has proven to be an important field for technological applications due to
synergism achieved by interface phenomena. In this work, we present an understanding of SrTiO3/TiO, interface
and its effects on structural and microstructural characteristics, and relate them to photoluminescence properties
of heterojunctions obtained by a simple method. It was observed that SrTiO3 proportion directly influences the
structural order-disorder, as observed by X-Ray diffraction, Raman spectroscopy and Transmission electron

microscopy. Photoluminescence behavior of heterojunction with 1% of SrTiO; showed a shift to blue emission
region compared to TiO,, and enhanced of emission intensity compared to SrTiOs, resulted from defects gen-
erated by interface effects, attracting possible applications on selective color emitter. Therefore, we conclude
that in same materials phases, nature and concentration of structural defects has strong dependence of SrTiO3
concentration, which leads to different photoluminescence properties.

1. Introduction

In recent years, the search for functional materials has grown due to
increasing demand for better electronic device technologies, particu-
larly the optoelectronics devices. Nanocomposite stand out in this field
due to the synergistic effect resulting from the junction of two different
materials phases promoting its applications in several devices, such as
solar cells [1], sensors [2], biological applications [3] and hetero-
geneous photocatalysis [4]. These materials can be obtained as a het-
erostructure, heterojunction or core/shell, and has been explored for
allowing versatility of properties and applications. It is known that in
recent years several studies have explored the modification of semi-
conductors by means of substitutional or interstitial doping creating
short-range distortions in the crystalline lattice, vacancies of anions or
cations, energy sub-levels and thus influencing various properties of the
materials [5]. However research in this field gained a new dimension to
explore the changes in the properties by interfacial interactions in
which fascinating discoveries have been made. In this sense, we can
mention the metallic behavior between interfaces of the insulating
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perovskites [6]; or the multiferroic behavior presented by stress of in-
terface [7], better photocatalytic and sensing properties when com-
pared to separated materials [8,9], and an improvement of photo-
catalytic behavior caused by coupling of SrTiO5 on the TiO» nanosheets
[10].

Among the several new researches about heterojunctions, the in-
terface between the TiO, and the SrTiO3 materials has been interesting
to us, since they are presented as materials of different structures, with
close values of band gap, and with flat band potential of the SrTiO;
slightly higher than that of TiO, [11]. TiO, crystallizes commonly in the
tetragonal phase rutile, although by changes in thermal processing the
TiO, also stabilizes in tetragonal anatase phase. This phase presents
advantages for being photoactive phase with band gap around 3.2 eV
and unit cell parameters a = 3.78 f\, and, ¢ = 9.51 A. On the other
hand, SrTiO3 presents perovskite cubic unit cell with lattice parameter
a=b=c=3904, and a semiconductor band gap value similar to
TiO, anatase phase (3.2 eV) [12]. In SrTiO5 structure the Sr>* and 0%~
ions form the cubic lattice with the Ti** ions occupying the octahedral
spaces created by the oxygens [13]. From the several existing works we
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observed that the mechanisms of obtaining for the heterojunction TiO»/
SrTiOj refers in the growth of SrTiO3 on the structures of TiO, [10,11],
however, we did not find the reverse. This is important from the point
of view about interfaces and microstructural, to alterations of the
electronic and optical properties as a function of interfacial energy
difference [14].

Our research group has evaluated the optical and electronic prop-
erties of several titanates perovskites (ATiO3, where A = Ca, Sr, Ba)
through photoluminescence emission behaviors [15-17], which optical
properties of these materials is related to charge transfer between oc-
tahedral clusters [TiOg] and [TiOs.V?'] and between polyhedral clusters
[AO;5] and [AO;;.V}]. The emission phenomenon is attributed to lo-
calized energy states above the valence band (VB) and below conduc-
tion band (BC), which is directly related to degree of order-disorder on
clusters. However, these works are related to single phase materials and
not for heterojunctions with interface formed with different chemical
compounds, phases and crystalline lattices tensions. It has been re-
ported in several works that physical chemistry parameters deriving
from growth surface between materials [18] and from synthesis pro-
cedure [19,20] can promote changes in crystalline phase stability, and
hence changes on energy emission behavior. Different synthesis have
been proposed in order to modulate the heterostructure properties, but,
traditional methods are generally complex [10,14,21,22]. In this work,
we present a new and facile synthesis route of SrTiO3/TiO, nano-
composite material with highly dispersed particles presented.

The objectives of our work were to present the novel synthesis
method, but also discuss the formation of the interface between SrTiOs/
TiO, with crystallization of titanium dioxide on the cubic crystal system
of SrTiOs. This allows us to show the difference between pure and
heterojunctions materials obtained for two different SrTiOs; con-
centration related to TiO,, being these 1% and 5% wt. Structural eva-
luation for order-disorder in materials were discussed by long and short
range order. We infer from these, the effects of crystalline lattice ten-
sion and changes in local symmetry. Then, we showed the effect of local
structural distortion with SrTiO3 content on photoluminescence emis-
sion. Ultimately, we showed the crystalline lattice stress by transmis-
sion electronic microscopy related to crystal growth on interface of
SI'TIOg/TlOz

2. Experimental section

To preparation the sol-gel solution of Ti, titanium (IV) isopropoxide
(97%, Aldrich) was mixed with glacial acetic acid (99.7% Qhemis) in
molar ratio of 1:4, under constant stirring to form the complex.
Thereafter, isopropyl alcohol (99.5%, Vetec) was added to the solution,
which remained under stirring for 1 h. To preparation of stable sus-
pension and samples, initially the SrTiO3; particles were prepared via
polymeric precursor method (PPM), as previously described [23]. For
obtainment route of SrTiO3/TiO5 heterojunction was divided into two
steps. In the first step was done the hydroxylation of SrTiO3 particles
surface by addition of H,0, (20-60%, Vetec), NH,OH (28-30%,
Qhemis), in the deionized water to particles dispersion, which has
stirred for 30 min at 50 °C. After the solution cooling at room tem-
perature it was added drops of acrylic acid (99%, Aldrich), 2-methox-
yethanol (99.8%, Aldrich), polyvinyl alcohol (PVA) (99.6%, Vetec), and
isopropanol to obtain a SrTiOj; stable suspension. The second step is the
formation of SrTiO;-TiO, core-shell system that was prepared by ad-
dition of SrTiO3 stable suspension into sol-gel solution of Ti. Then, the
resulting mixture remained at room temperature under stirring for 24 h
to promote the coating of SrTiOz particles by TiO, gel. Then, the
components are called TST-1% and TST-5% heterojunctions, to 1% and
5%, respectively, in the mass of SrTiO3 particles added into the sol-gel
solution of Ti. To obtain pure TiO,, was used the same procedure. The
materials were dried at 100 °C for 24 h, and heat treatment was done at
500 °C for 4 h in the muffle furnace.

The structural analyzes of samples were carried out by X Ray

1622

Journal of the European Ceramic Society 38 (2018) 1621-1631

diffraction (XRD) on a diffractometer Rigaku, Model Rint 2000. The
crystallite size of samples it was estimated by Scherrer’s formula. The
Raman spectroscopy characterization was done by LabRAM iHR550
Horiba Jobin Yvon spectrometer with a laser of wavelength of 514 nm,
as an excitation source, and spectral resolution of 1 cm™!, with 40
scans, in the range 100-800 cm ™', The particle morphology was in-
vestigated by field emission scanning electron microscopy (FE-SEM) on
a JEOL FEG-SEM model 7500F, and high resolution transmission elec-
tron microscopy by transmission electron microscopy (TEM-FEI/
PHILIPS CM120). Physical adsorption of nitrogen at low temperatures
(77 K) was used to measure the surface area by the Brunauer-Emmett-
Teller method in a Micrometrics ASAP 2010 equipment and Barrett-
Joyner-Halenda (BJH) method to calculate the pores volume. The
photonic characteristics were analyzed by UV-vis diffuse reflectance
using a Perkin Elmer UV/Vis/NIR Lambda 1050 spectrophotometer.
Besides that, the photoluminescence spectra were collected through a
Thermo Jarrell Ash 27 cms monochromator with a Hamamatsu photo-
multiplier model R955 using a krypton laser Coherent Innova 200 with
wavelength output at 350 nm as an excitation source.

3. Results and discussion
3.1. SrTiOj3 colloidal stability

The new route to obtain SrTiO3/TiO, heterojunction with homo-
geneous distribution throughout the sample was developed and allowed
the formation of a solid-solid interface. The novel route of synthesis was
based on the formation of a stable colloidal suspension of SrTiO3 par-
ticles, which was added to a titanium sol-gel solution. The high stability
of suspension has based on two mains principles, electrostatic and
steric. The electrostatic influence was achieved by the SrTiO3 particles
surface modification using hydroxylation processes by H,O,, which
increase the stability and reactivity by the adsorption of OH groups on
its surface. The pH value of the suspension was then adjusted to 9 with
NH,4OH, which facilitates the release of H*, instead the complete OH,
from the groups adsorbed on the particle surface by the effect of the
high concentration of OH™ in solution. Thus, H* from surface binds
with an OH™ from PVA, releasing a H,O molecule and the remained
SrTiO3—O~ binds with the remained C* from PVA, generating and
SrTiO3—O—R bond, being R the carbon chain of the PVA molecule
without the hydroxyl, by covalent bonding. As a consequence, PVA
molecules covering the particles generate the steric contribution, which
are the lines covering the SrTiOs particles, that is responsible for
avoiding the agglomeration of particles on suspension due to the steric
repulsion forces between the polymer chains [24,25].

In order to enhance the colloidal stability of SrTiO3 dispersion also,
2-methoxyethanol and isopropanol were added, they have low di-
electric constant, 17.41 for 2-methoxyethanol [26] and 18.62 for iso-
propanol, in contrast to 80.37 for water (all at 20 °C) [27]. Therefore,
these organic solvents increase the charge density of the electric double
layer of particles, increasing the zeta potential [26]. Since SrTiO; is a n-
type semiconductor, negative surface charge arises from its nature and
also by the hydroxylation process, hence the Stern layer has composed
by counter ions in relation to the surface charge, resulting in a greater
amount of positive charges (+) around these particles. According to
Helmholtz-Smoluchowski theory, the smaller the dielectric constant of
a liquid medium, higher is the zeta potential of a dispersed particle,
allowing then higher colloidal stability [28]. This route avoid the ag-
glomeration of particles and promotes homogeneous distribution of
SrTiO3 on the titanium sol-gel, based on electrostatic-steric stabiliza-
tion, ensuring the coating of these particles by the formation of SrTiO3/
TiO, heterojunction on the synthesis route.

3.2. Field emission scanning electron microscopy (FE-SEM)

Fig. 1 shows the micrographs and histograms of particle size
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Fig. 1. FE-SEM images and histograms (inset) of pure TiO, (a), TST-1% (b) and TST-5% (c).

Table 1
Microstructural characteristics of pure TiO,, TST-1% and TST-5% samples.

Sample  Average particle  Pore volume Specific Average anatase
size (nm) (em®*g™ 1) surface area crystallite size
(m*g™h (nm)
TiO, 105 = 1.2 0.136 72.0 131
TST-1% 7.7 = 1.1 0.261 165.5 9.4
TST-5% 9.3 + 0.7 0.374 139.8 12.4

distribution in inset of pure TiO;, TST-1% and TST-5% samples. The
pure TiO,, Fig. 1a, it resulted in an average particle size of 10.5 nm,
spherical and dispersed, as was to be expected since the morphology
and particle agglomeration are strongly dependent on the concentration
and composition of organic solvent in the synthesis [29]. The nano-
composite TST-1% and TST-5%, Fig. 1b and c, respectively, it also
observed the spherical particles with an average size of 8 nm and 9 nm,
respectively. As can be seen in Table 1, the high specific surface area of
the samples may be related to the use of the organic additives. The
introduction of highly dispersed particles, in the process of hetero-
junction formation, increase in the average space between agglomer-
ates of particles, which was observed in larger volumes of pores, more
dispersed particles, and the significant increase in specific surface area
of nanocomposite samples compared to pure TiO,, it is important for
catalytic and optical properties because improve the contact area and
increases the probability of surface defects.

3.3. X-ray diffraction (XRD)

X-ray diffraction was employed to investigate the crystalline phase
as well the structural properties at long-range order. As shown in Fig. 2
XRD patterns of SrTiOs, pure TiO, and SrTiO3/TiO, heterojunction,
indicate to the SrTiOj; only polycristalline cubic phase is observed, from
the space group Pm-3 m (ICSD — n° 23076). For the pure TiO,, only
tetragonal anatase phase is evident, space group 141/amd (ICSD - n°
9852). The existence of pure TiO, anatase phase is in agreement with its
thermodynamic stability at the applied treatment temperature (500 °C)
[30]. For TST-1% only TiO, anatase phase was detected because of the
content of SrTiO; is lower than limit of detection. For the TST-5%
heterojunction the anatase TiO, and the SrTiO3; cubic phases were ob-
served. A widening reflection peaks of TiO, anatase phase it was ob-
served for both heterojunction samples, which reflects a decrease in the
sizes of anatase crystallites as showed in Table 1. No displacement of
TiO, anatase phase peaks is observed in the heterojunction indicating
that no reaction occurred between SrTiO; and TiO,, i.e. there was no
solid solution formation. This leads to indications that the interactions
between both materials are only by solid-solid interface formation.

3.4. Micro-Raman scattering spectroscopy

Fig. 3 shows the micro-Raman spectra of pure TiO, and SrTiO3/TiO,
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Fig. 2. XRD patterns employed to investigate the crystalline phase and the structural
properties at long-range order of SrTiOs, pure TiO,, TST-1% and TST-5% samples.

heterojunction. For all samples, the Raman shifts bands observed is
characteristic of vibrational modes related to symmetries of TiO, ana-
tase structure, which supports XRD results. There are six Raman active
optical modes in this phase, which are A4, 2B;, and 3E;. These Raman
shifts are located at approximately at 144 cm™* (Eg1y), 197 em !
(Eg(Z))y 399 Cm71 (B]g(])), 513 Cm71 (A]g), 519 Cm71 (B]g(z)) and
639 cm ! (Eg3)) [31]. A typical broad band was observed at
513-519 cm ™~ !, which is characteristic of an overlap in the values of
Raman shifts of A, and By, vibrational modes. No Raman shifts related
to vibrational modes of SrTiO5 structure were detected, this because
such system crystallize in the cubic perovskite structure which has a
high degree of symmetry, resulting no representative signal. For the
heterojunction TST-1% a displacement of the peak Eg(y) is observed for
the region of higher energy, as shown in Fig. 3b, and for TST-5% het-
erojunction, besides the displacement it was observed a suppression of
the Blg(l)’ Algy Blg(Z); Eg(g) bands.

Several factors contribute to peak displacement, or band widening
for Eg mode in the TiO,, such as phonon confinement, particle size
heterogeneity, defects, nonstoichiometry and stress of lattice [32,33].
In our results we found no line broadening in mode Eg4,, for any sample,
since the size and distribution of the particle are homogeneous as seen
in Fig. 1. However in the case of a heterojunction is expected in the
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a) b) Fig. 3. Raman spectra in the range from 100 cm ! to 800 cm ™ for of
E a) pure TiO,, TST-1% and TST-5% samples, and (b) displacement of
the center of the peak Eg(y) for the samples.
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region of the interface between the cubic perovskite SrTiO; and the
growth of the TiO, tetragonal phase that there are effects of stress and
defects in such region. Tension and compression stress affect the Raman
lines through shifts to red and blue, respectively [34,35]. When we
refer to the cristalization of tetragonal anatase TiO on a cubic structure
of SrTiO3, a compression stress on the crystalline lattice of binary oxide
is clearly expected.

In addition to structural stress, short-range defects are also present,
as observed in changes of the E,;) band, which is the most intense
Raman shift peak of TiO, anatase structure. This vibrational mode has
assigned to the O—Ti—O bond-bending mode in [TiOg] octahedrons
[36]. Thus the blue-shift of peak Eg(1) also can associate to the forma-
tion of a linkage of two [TiOs] octahedrons at the interface region of
heterojunction. This linkage results in Or—Tit—Or,s bonds, in which T
represents the octahedron of TiO, and T/S is the shared oxygen with the
both kinds of distorted octahedrons, one from tetragonal TiO, and other
form cubic SrTiOs, on the interface region [37]. Since TiO, tetragonal
and interface region presents different crystal systems, the coordination
parameters of octahedrons are different. This feature confers a variation
in Eg(;) vibrational mode of TiO, anatase phase and consequently a
slight blue shift of this peak [38]. Therefore, the formation of an in-
terface on SrTiO3/TiO, heterojunction leads to disorder at short-range
of TiO, anatase phase, and the degree of these distortions of [TiOg]
clusters increases with increasing SrTiO; amount. As observed in Fig. 3,
Raman spectrum of TST-5% sample shows a decrease in the intensities
of Raman shifts bands related to all vibrational modes of TiO, anatase
structure. The high degree of distortion on [TiO¢] clusters leads to a
break of local symmetry, and hence a restraint of vibrational modes,
thus decreasing the intensities of bands related to these modes.

3.5. UV-vis diffuse reflectance spectroscopy

Fig. 4 shows the UV-vis absorption spectra and Tauc plot of SrTiOs,
pure TiO,, TST-1%, and TST-5% samples. The absorption spectra were
plot from correlation between diffuse reflectance data and its absor-
bance by Kubelka-Munk algorithm [39]. As can be seen in Fig. 4a, all
samples presents higher absorbance in wavelength shorter than
400 nm, which results from electron transitions of valence band to
conduction band, and these absorbance decreases as the photon energy
is lower than the band gap energy of each material. Fig. 4b shows the
Tauc plot for determining the band gap energy of all samples by the
intercept in abscissas axis of a linear fit of the (ahv)*/? vs. hv plots,
where a is the absorbance and hv the photon energy, considering
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indirect band gap for TiO, anatase and SrTiO3 cubic [40,41]. Table 2
shows the optical band gap energies and photon wavelength edge for
absorption of all prepared samples. The band gap energies of pure TiO5
and SrTiO3 were lower than literature data [42,43], which is related to
method and conditions of synthesis which confers intrinsic defects re-
sulting in a reduction of band gap energy [44]. For TST-1% and TST-5%
samples, two regions of exponential decays were observed, which is
characteristic of a heterostructured material due to the existence of at
least two phases in the material. Both heterojunctions samples ex-
hibited band gap energies lower than the each separated material,
which are attributed to the presence of structural order-disorder in
materials caused by defects on interface [45], indicating electronic
transitions between bands of both structures. More remarkable in TST-
1% sample, with has lowest band gap energy, confirming the synergistic
effect in bands structure of phases.

3.6. Photoluminescence (PL)

In order to explore the electronic transitions and investigate the
nature of defects within all materials, PL. measurements were performed
at room temperature. As shown in Fig. 5, the pure TiO, presents
emission center at 550 nm, green region, with the highest emission
intensity of photoluminescence compared to other materials. The
SrTiO3 among all the materials has the lowest emission intensity and its
center is in the violet region at 445 nm. However, both heterojunctions
shows PL intensity higher than pure SrTiO3, which indicates that the
mechanism of light emission is mainly by TiO; structure and confirming
the formation of heterojunction. This is in agreement with well-known
mechanism of electron transfer on SrTiO3;/TiO, heterostructure, since
electronic bands of SrTiO3; has lower reduction potential than the TiO,
[41,46,47]. Therefore, excited electrons on SrTiO5 tend to migrate to
TiO, structure, recombining in this and hence emitting photons. Fur-
thermore, both heterojunctions presents PL intensity lower than that of
pure TiO,, indicating that the recombination rate of the electron-hole
pairs was decreased. This reduction on PL intensities is related to the
formation of electronic states density within the band gap due to order-
disorder effects, which is clearly observed in Raman analysis. These
structural distortions on [TiOg] provides a high density of energies
states that might contribute to non-radiative emission due to low en-
ergy difference between these levels, thus reducing the contribution of
radioactive emission and hence the PL signal [48].

For further understanding about PL emission, all spectra were
analyzed by deconvolution of bands with Gauss and Voigt G/L
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Fig. 4. (a) UV-vis spectra and (b) Tauc plot of pure TiO,, SrTiO3, TST-1% and TST-5% samples.

Table 2
Energies and photon wavelengths edge of band gap of pure TiO,, TST-1%, TST-5%, and
SrTiO3 samples.

Sample TiO, TST-1% TST-5% StTiO3
Eq (eV) 2.94 (R 2.87 (R*: 2.99 (R* 3.15 (R
0.998) 0.997) 0.997) 0.999)
2.66 (R*: 2.93 (R%
0.996) 0.998)
Agap (nm) 422 466 423 394
PL —=—Ti0,
L,c 350 Nm —e— SITiO,
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Fig. 5. Spectrum of PL emission at room temperature under an air atmosphere for pure
TiO,, SrTiO3, and heterojunctions TST-1% and TST-5% samples.

functions. For pure TiO,, the PL emission has a typical broad band
characteristic of multiphonon processes, i.e. emission occurs by several
paths due to high density of electronic states within the band gap, al-
lowing the relaxation of electron before the radiative recombination
[15,49]. This band has maximum emission intensity centered at ap-
proximately 550 nm, which is well-known characteristic of TiO, ana-
tase structure [17,50,51]. The defects presents in this structure re-
sponsible for emission in large range of visible spectrum are mainly
related to oxygen vacancy [50-52], being these considered to be V; and
V,°, which are single and double ionized oxygen vacancy, respectively.
Thus, generated clusters has the form [TiOs.V;] and [TiOs.V;']. For
anatase phase of TiO,, it has been reported by calculations that V" is
the most stable oxygen vacancy at normal conditions, while V; is un-
stable due to the unpaired electron [53]. Therefore, the energy level of
V, is higher than V,*, which is explainable by its stability. Furthermore,
it has been reported that these oxygen vacancies occupy positions of
energy levels up to 1.18 eV below the conduction band minimum on
TiO, anatase structure [54,55]. According to experimental data ob-
tained for optical band gap energies of the samples, a mechanism was

1625

proposed for explain the changes in their PL behaviors. The deconvo-
lution results of PL spectrum of pure TiO, are shown in Fig. 6a and b,
which indicates contributions of green and yellow region of visible
spectrum. The energies of the photons with the emitted wavelengths
were calculated through Eq. (1), which comes from Planck-Einstein
relation, which E is the photon energy in eV and A the photon wave-
length in nm.

_ 1240
A

E )
The mechanism proposed for PL emission of pure TiO, is shown in
Fig. 7a, which indicates the excitation of electrons from valence band to
conduction band, and then, both kinds of oxygen vacancies act as
trapping sites for these electrons on their decay. Once these electrons
are trapped in these defects, their recombination to valence band emits
photons with wavelengths, and hence colors, characteristics to ob-
served spectrum. Since optical band gap energy of pure TiO, was ob-
tained as 2.94 eV, the energies levels of oxygen vacancies in this sample
were considered to be 0.49 eV and 0.83 eV below the conduction band
minimum, according to emitted photon energy. The green emission
exhibited by pure TiO, is related to electron trapping by V; and yellow
emission to electron trapping by V", since the position of V" energy
level of V;, is higher and closer to conduction band minimum than

Therefore, the green emission band of pure TiO, has its center
composed by photons with 2.45 eV and the yellow emission band by
photons with 2.11 eV of energies. The mostly emission in yellow region
for pure TiO, anatase phase, which arising from contributions of V;"
defects is clearly expected, since it is the most stable oxygen vacancy for
this structure in normal conditions [53]. However, a smaller contribu-
tion of V; defects for PL emission was also observed due to order-dis-
order effects resulting from synthesis conditions.

Fig. 6¢ and d shows the deconvolution results of PL spectrum of
SrTiO3. According to SrTiO3 structure has a cubic crystal system and
high symmetry, it would not be expected to presents PL emission, since
this phenomenon arises from structural disorder effects [56,57]. Al-
though, this is not what was observed in these results. As reported in
literature, PL emission of SrTiOj is due to the presence of intermediate
energy levels within the band gap formed by structural distortions on
clusters and oxygen vacancies [15,16,57], which can easily trap elec-
trons and holes, respectively, inducing PL emission in visible spectrum.
Longo et al. reported the synthesis and photoluminescence properties of
SrTiO3 with center emission band in the green region, thus indicating
that the positions of energy levels of these defects within band gap is
dependent of degree of structural order-disorder [58]. Despite the PL
emission of our experimental results for SrTiOs, its PL intensity is low
compared to other materials, which is clearly expected due to higher
symmetry of SrTiO3 perovskite crystal system. Therefore, PL measure-
ments is a powerful measurement detecting medium-range disorder in
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Fig. 6. Deconvolution of the spectra PL and percentage of each area deconvoluted for samples a-b) TiO, pure, c—d) SrTiO3, e—f) heterojuncao TST-1%, and g-h) heterojuncao TST-5%.

SrTiOj structure, which it was not possible by XRD and Raman analysis thus PL emission of both heterojunctions arises mainly from TiO,
[59]. structure, confirming the charge transfer at the interface and hetero-

Fig. 6e and f shows the deconvolution results of PL spectrum of TST- junction formation. It is clearly observed in the spectrum a significant
1% sample. As discussed earlier, SrTiO3 has a low PL emission intensity, band shift for higher emission energy and a narrowing of the band.
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Fig. 7. Scheme of energy decay of the PL for the sample a) TiO,, b) TST-1%, and ¢) TST-5%.

Since the blue and green PL emission in TiO, anatase structure was
associated to energy levels formed by V, defects, a remarkable con-
tribution of this defect for emission must be expected. According to
short-range properties of heterojunctions samples obtained by Raman
analysis, distortions in [TiOg] clusters was observed, which arises from
formation of a SrTiO3/TiO, interface. These observed distortions comes
from changes in coordination parameters of [TiO¢] clusters, i.e. bonds
lengths and angles, since Eg4(;) mode of TiO, anatase structure is due to
bond bending of O—Ti—O bonds, as discussed in Raman analysis. These
structural distortions of clusters can induce the promotion of stable
vacancy V, for unstable vacancy V;, since the concept of oxygen va-
cancy in TiO, is believed to be changes in bond lengths Ti-O, i.e. how
far the oxygen is from titanium and how many electrons still participate
in this interaction [17]. Hereupon, an excess of V, defects is responsible
for 69.9% of PL emission of TST-1%, and a contribution of 28.1% by V;*
is presents as observed in yellow emission. An interesting feature ob-
served for TST-1% sample is an emission in near-infrared with 2.0% of
contribution for total spectrum. This contribution is the well-known
emission originated of defects in TiO, rutile phase, centered at ap-
proximately 835 nm [60-62]. Although in structural analyzes were not
possible to detect TiO, rutile phase, PL. measurements is very sensitive
to detect electronic defects in materials [59]. Fig. 7b shows the me-
chanism proposed for TST-1% PL emission.

Fig. 6g and h shows the deconvolution results of PL spectrum of
TST-5% sample. It is clearly observed in this spectrum a large broad-
ening and band shift for lower energy compared to TST-1% PL spec-
trum. According to Raman analysis of heterojunctions samples, in-
creasing amount of SrTiO3; induces more structural disorder of [TiOg]
clusters, as observed in reduced bands intensities of inelastic scattering
due to freedom quenching of vibrational modes for TST-5%. Therefore,

an increase in blue and green emission it would be expected for TST-5%
PL spectrum. However, a significant increase in yellow emission it was
observed, which suggests an increase in V,* concentration defects in
TiO, anatase structure. The significant increase in structural distortions
of [TiOg] clusters observed from TST-1% to TST-5% favored the con-
version from V, to V," defects due to increase in SrTiO3 content. In
order to maintain the charge equilibrium into lattice, this phenomenon
of vacancy charge conversion occurs since for charge compensation,
one V;* equals to two V; defects. Therefore, the increase in SrTiOs
amount stabilizes V;* since a very high amount of V; it would be ne-
cessary. A broad PL band was observed for TST-5% sample, indicating a
high density of energy states within band gap which induces the mul-
tiphonon processes. As observed in deconvolution results, yellow
emission is responsible for 89.8% of total spectrum and 10.2% of blue
emission, confirming the mainly contribution of V;* defects. Fig. 7¢
shows the mechanism proposed for PL emission of TST-5% sample.
Therefore, PL results allowed exploring the kinds of structural defects
generated depending on degree of order-disorder caused by formation
of SrTiO3/TiO, interface, and allows us to infer that in a heterojunction
not always the increase of one of the components will represent the
increase in a specific emission. The modulation of the properties in-
volve qualitative contributions of the defects and tensions. Based on
that we use TEM analyzes to explore the characteristics of the tensions
at the interface.

3.7. High resolution transmission electron microscopy (HR-TEM)

HR-TEM analyzes were performed in order to further elucidate the
tensions present on interfaces, the crystalline structure and morphology
of the particles. Fig. 8a shows that the TST-5% presents spherical and

0351 nm (101) 03

0.189 nm (200)
SR

Fig. 8. TEM and HRTEM images for the T-ST5% sample. a) TEM of the T-ST5% particles, b) HRTEM of a region of polycrystalline TiO, grains.
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phase. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

cubic particles with size around 12 nm to 20 nm. Fig. 8b shows the high
resolution TEM image for a region where there are isolated TiO, par-
ticles which were identified anatase crystalline phase, corroborating
with XRD results. Fig. 9 shows an interface region in which TiO,
crystallizes on the SrTiO; particles, as verified by the crystal lattice
spacing to both SrTiO3; and TiOs.

Fig. 9a shows the calculated distances of 3.52 A and 2.76 A, which
are in well agreement with d-spacing (101) plane of anatase tetragonal
TiO, (Fig. 9b—a =b = cand a = B = y = 90°) and of (110) plane of
cubic phase of SrTiO3 (Fig. 9¢), respectively. In addition, it was verified
a metastable phase not identified by XRD and Raman analysis corre-
spondent to a region with d-spacing 2.06 A, which we infer to the plane
(212) of monoclinic TiO, phase (Fig. 9d, space group P21/m -
a=b=cand a=y =90 = (). This metastable phase is confined
only to a medium range region in the interfaces. For each region of the
image are shown its corresponding Fast Fourier transform (FFT) pat-
terns (insets in Fig. 9a), that confirm the calculated spacing. Based on
these results, it was possible to verify the presence of two interfaces.
One interface has formed between SrTiO; cubic/anatase tetragonal
TiO, phase and the other one exists on the SrTiO3 cubic/monoclinic
TiO, phase, in order to simplify we designate the interfaces by STOc/
TiO,. o and STOc/TiO,.y;, respectively. The growth of the tetragonal
anatase TiO, (a = 3.784 A) on the cubic SrTiO; (a = 3.905A) is
plausible because the mismatch is only —3.1%, also the monoclinic
phase, considering the parameter b (3.741 A), possible presents similar
interface stress.

Structural distortions in interface region were analyzed as shown in
Fig. 10. As can be observed in graph, the zero point on the abscissa
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corresponds to the region of interface between the grains of SrTiO3 and
the crystalline planes of TiO,, represented in Fig. 9 by a horizontal red
line. The negative values for this axis correspond to the direction of the
interface towards the middle of the grain of SrTiOs, and the positive
values correspond to the direction of the interface towards the crys-
tallization of the planes of TiO,. The axis of the ordinates of the graph
of Fig. 10 corresponds to the interplanar distances calculated for each
region, being in this method for each calculated distance five d-spacing
analyzes were done to ensure that the sub-pixel characterization leads
to a precision of structural evolution. It is possible to observe the var-
iations depending on the distance of the interface in relation to the d-
spacing, similar to the peak-pair analysis [63]. The dotted lines corre-
sponds to the d-spacing of the SrTiO3; and TiO, planes according to the
database (ICSD n°: 23076; n°: 9852; n°: 657748).

It was found that for all planes near interface there are changes of
the d-spacing in relation to theoretical values. Based on the fact that the
coefficient of thermal expansion of TiO, [64] and of SrTiO3 [65] are
different, both will be under stress during the heat treatment. Resulting
after cooling in changes in the interplanar spacing of the crystalline
lattice, mainly near the interface region. We observed that the grain of
SrTiO; when presenting a compression stress region (Fig. 10a) has
compensated by another region with an expansion stress (Fig. 10b). In
this case, the stress of compression of the crystalline lattice favors the
crystallization of the tetragonal anatase phase of TiO,, resulting in the
STOc/TiO,., interface, and the expansion stress allows crystallization of
the monoclinic TiO, phase, resulting in the STO¢/TiO5 . At the STOc/
TiO,. » interface, the growth of the TiO, anatase tetragonal phase on
SrTiO3 cubic also occurs by tensions in the lattice of TiO,. As was
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Fig. 10. a) Structural distortions in interface region analyzed by d-spacing calculated between a) STO¢/TiO,.5 and b) STO¢/TiO,.\ regions. The dotted lines correspond to the d-spacing

of the SrTiO3 and TiO, planes according to theoretical values.

studied by Oropeza et al. [18] which showed that the interface region of
TiO, is composed by facets {103} that have higher energy and lower
angle compared to facets {101}, and in addition, the faceted plane
{103} of TiO, has similar surface energy (1.05J m ™~ 2) relative to the
surface energy of (110) planes of SrTiOs3, 1.01J m~2 [66], and this
favors the growth of this phase. These facets are show as planes in
Fig. 9b, the yellow color corresponds to the (101) plane and red for the
(103) plane.

The growth of the TiO, monoclinic phase in estimated (212) plane
occurs under a region where there is an expansion of the interplanar
distance (110) of SrTiO3; to 2.80 A, as shown in Fig. 10b. Since the
monoclinic phase comes from the original lattice type of a distorted
cubic system [67] it is supported the growth of this phase on the in-
terface with the SrTiO; cubic phase. Several works [19,20,68] reported
the phase transitions between different levels of symmetry (cubic, tet-
ragonal and monoclinic), and emphasize that among the factors for the
transition are the temperature increase in the interface that entails in
entropy variation, serving as the driving force for the transition of
phase. Goutenoire et al. [69] evaluating the transition from monoclinic
to cubic phase in the La,Mo50g system, reported that the higher sym-
metry is obtained by oxygen diffusion in the crystalline lattice ac-
cording to the temperature variation. Thus, we believe that the surface
of the SrTiO3 cubic of high symmetry allows the transition in the in-
terface to the monoclinic phase of TiO, due to factors such as the in-
crease of surface entropy with the synthesis temperature and diffusion
of oxygen atoms between octahedral clusters [TiOg] and polyhedral
[SrO,5]. This results in an interfacial stress between clusters as verified
in Raman spectroscopy analyzes, and favors the formation of the
monoclinic phase. Therefore, as already discussed, the variation of
defects on clusters and oxygen vacancies at the interface as observed in
the Raman spectra, photoluminescence spectra and TEM analyzes
generates important information of interface stresses and defects gen-
erated in the structure in heterojunctions.

4. Conclusion

SrTiO3/TiO, heterojunctions were successfully prepared by asso-
ciation of sol-gel method with stable colloidal suspension of SrTiOs
particles. This simple and inexpensive route allowed the formation of a
solid-solid interface responsible for modifications on electronic and
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optical properties, due to the improvement in charge carrier transfer in
this region. This procedure does not use controlled atmosphere, high
pressure or high temperature, avoiding high agglomeration and pro-
moting homogeneous particles distribution based on electrostatic-steric
stabilization, being an important factor for optical and catalytic appli-
cations of materials. XRD, Raman and diffuse reflectance analyzes in-
dicated structural order-disorder at long and short range. PL results
allowed exploring the kinds of structural defects generated depending
on degree of order-disorder on lattice. Furthermore, the linkage of
structural and PL analyzes allowed a better understanding of interface
effects on optical properties of SrTiO3/TiO, heterojunctions. Increasing
SrTiO3; concentration on heterojunctions caused an increase in struc-
tural disorder due to structural mismatch on interface of SrTiO3/TiOs,
which led to different types of defects, since significant proportion of V,
converted to V;°, altering abruptly PL emission properties of these
materials. Therefore, PL behavior of heterojunctions was not directly
related to percentage composition of both phases due to their char-
acteristics emissions, but strongly dependent of the kinds and con-
centration of structural defects generated by interface phenomena.
Hereupon, this allows modulating desirable properties for heterojunc-
tions materials to applications such as led or selective colors emitters,
altering its color emission by controlling materials phase proportions
and hence structural defects. TEM analyzes showed how the different
thermal expansion of the grain influence the stress caused in the in-
terface region, either by expansion stress or compression stress, re-
sulting in the growth of intermediate phases, corroborating Raman and
photoluminescence results on the tensions and defects present in the
heterojunctions. Therefore, the understanding of interface effects gives
rises to perspectives for potentials future applications of heterojunc-
tions materials.
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