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Abstract: Eu3+ doped porous nanostructured SrTiO3 films and powder fabricated by sol-gel
route without using any precursor template are characterized by different morphology and phase
composition. The films and the power show red and yellow luminescence with the most intensive
photoluminescence (PL) bands at 612 nm and 588 nm, respectively. Raman, secondary ion mass
spectrometry (SIMS), and X-ray diffraction (XRD) analysis of undoped nanostructured porous SrTiO3
films showed the presence of TiO2 , SrO, and SrTiO3 phases and their components. The undoped
porous SrTiO3 films are photosensitive and demonstrate resistive switching. The capacitance-voltage
hysteresis loops with the width of about 6 V in the frequency range of 2 kHz—2 MHz were observed.
Keywords: europium luminescence; porous film; strontium titanate; resistive switching
hysteresis; photocurrent

1. Introduction
Materials containing Eu3+ ions are promising as red phosphors in optoelectronic devices, e.g.,
LEDs and lasers, due to their excellent photoluminescence properties [1–3]. Optical radiation in the
europium emission band at 612 nm is perceived by the human eye as red light, which makes these
materials particularly important. The luminescence spectrum can differ in different crystal matrices.
Material composition, crystal structure, and presence of defects have a significant influence.
Oxide compounds with a perovskite structure, such as strontium titanate (SrTiO3 ), are widely used
in nonlinear optics [4], electro-optical modulators [5], photocatalysis [6,7], thin-film capacitors [8,9],
and memory devices [10,11]. It is a good host matrix for Eu3+ due to its radiation resistance and
thermal stability.
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Properties of SrTiO3 depend not only on the chemical composition, but also on the structure and
morphology [12,13]. As a result of the modification of titanium and layered metal oxide systems,
fabricated oxide coatings have different compositions, surface morphology, and properties that are
determined by the structural parameters, in particular, nanosized grains [14,15], which is also right for
more complex oxide systems. A decrease in the grain size of SrTiO3 at the nanoscale leads to distinctive
properties as compared to the bulk material [16,17]. In recent years, several attempts were made to
synthesize porous perovskites SrTiO3 and BaTiO3 [18,19].
Nanostructured perovskites have great potential for applications. Nanostructured SrTiO3 is a
promising material for water purification from heavy metals [19] and photocatalysis [20]. Grain size
and porosity affect the electrophysical parameters of perovskites. For example, porous barium
titanate has a lower dielectric constant [21], and the Curie temperature increased up to 350 ◦ C as
compared to the bulk material [18]. Hysteresis of capacitance-voltage (C-V) characteristics of bulk
monocrystralline SrTiO3 with Ni and Au electrodes was investigated before and after irradiation
in [22,23], where C-V hysteresis was considered from the point of the drift of nonequilibrium charge
carriers in the crystal. The hysteresis effects were observed not only in dielectric properties but also in
magnetization loops [24,25]. Thus, the study of nanostructured porous perovskites is of particular
interest for obtaining new properties of materials and creating novel structures based on them.
The synthesis of such nanostructured composites is possible by chemical methods, which include
the sol-gel technology. This technology has a low cost, allows variation of the grain size,
phase composition, concentration of dopants. The use of titanium alkoxides is the most promising
for the synthesis of nanostructured SrTiO3 , since they easily hydrolyze, forming hydrated oxides.
By varying the temperature of dehydration, one can control the dispersion and morphology, the phase
composition and the physical properties of the resulting xerogels. The use of metal alkoxides in the
synthesis of multicomponent oxides ensures a high chemical homogeneity of the product, significantly
reducing the temperature of oxide phases formation [26,27].
One of the synthesis techniques includes using templates, which control formation periodical
porous SrTiO3 structure and repeatable combs form [28]. Another approach is based on using alcoxides
and influence of water on the morphology of xerogels [18,29–31]. This approach allows for the
fabrication of porous perovskites with grains larger than 100 nm. Nevertheless, the formation of porous
perovskites with much smaller grains is a problem to be solved.
In this paper we present structural, luminescent and dielectric properties of porous undoped and
Eu-doped SrTiO3 films with grains as small as 30 nm fabricated on monocrystalline silicon substrates
by the sol-gel technique without any templates and compare them with those of identically synthesized
bulk materials.
2. Materials and Methods
Porous SrTiO3 films doped with Eu, undoped ones and SrTiO3 :Eu powder were synthesized using
water containing sols. The sols were synthesized in the following way. First titanium isopropoxide was
dissolved in a mixture of ethylene glycol monomethyl ether and nitric acid to prevent gelation initiated
by titanium isopropoxide. Then, strontium nitrate was dissolved in the distilled water, followed by the
addition of ethylene glycol monomethyl ether. Finally, both solutions were mixed to obtain the sols.
To fabricate europium doped sols europium nitrate was added.
The sols were deposited by spinning at the rate of 2700 rpm for 30 s on monocrystalline (111)
silicon wafers. The samples were then dried at 200 ◦ C for 10 min and next film was identically deposited
and dried. The deposition was repeated 5–10 times in order to fabricate the film of an appropriate
thickness. Final calcination was performed at 800 ◦ C for 40 min in air. Porous SrTiO3 :Eux (x = 0.053)
films containing 5 layers and undoped SrTiO3 films containing 10 layers were fabricated on silicon
substrates. Powder materials were synthesized by the same heat processing of the precursors in a
ceramic crucible.
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The powder synthesized from the same sol as the porous film has much larger grains as compared
with the porous film and is characterized by the obvious phase formation. As a result, the PL spectra of
the powder and the film differ. The presence of defects and disordering of the crystal structure certainly
affects the luminescence spectrum of europium. The most intensive peak at 588 nm corresponding to
the magnetic dipole transition 5 D0 → 7 F1 confirms that Eu3+ occupies the position with the symmetry
center to be consistent with the XRD data. The typical doping concentration for lanthanides in solids is
about 1 atomic %. In this case, it is not mandatory that trivalent lanthanide ion substitute only trivalent
ion in host matrix, and there are no other local states for lanthanides. Luminescence of trivalent
lanthanide ions with typical transitions between the corresponding terms was observed in inorganic
perovskites: Tb3+ in YAlO3 [36], Er3+ in LiNbO3 corresponds to a [37], Eu3+ in BaTiO3 [38], as well
as Eu3+ in sol-gel derived amorphous yttrium alumina composites [39]. Europium ion is the dopant
that can exhibit divalent or trivalent valence state [40,41]. The luminescence spectra correspond to
PL bands of Eu3+ , as the PL spectra of Eu2+ lies in the region of about 380–500 nm [40]. In the case
when Eu3+ occupies the position of strontium while remaining trivalent, the charge is compensated
by the field of local environment, for example, titanium ions [42]. Replacement of divalent ions with
trivalent leads to distortions of the crystal lattice of the structure [43,44]. Since the degree of doping of
the image with europium is low; doping of the sample does not introduce significant distortions of
the crystalline environment of europium ion, which corresponds to the presence of a narrow intense
magnetic transition 5 D0 → 7 F1 (588 nm) in the spectrum. The electric dipole transition 5 D0 → 7 F2 ,
observed at 599–626 nm, is allowed only when Eu3+ is located at a noncentrosymmetric crystallographic
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Table 1. Raman spectra bands.

Peak, cm
261
395
515
635
797

−1

Material
SrTiO3 (cubic)
TiO2 (Anatase)
TiO2 (Anatase)
TiO2 (Anatase)
SrTiO3 (cubic)

Mode
TO3 (O–Sr–O bending)
B1g
A1g + B1g
Eg
LO4 (Ti–O stretching)

Reference
[46–48]
[45]
[45]
[45]
[46–48]
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Figure 5. XRD spectra of Si/TiO /Pt/SrTiO /Ni heterostructure.
Figure 5. XRD spectra of Si/TiOxx/Pt/SrTiO33/Ni heterostructure.

Figure 6 shows SIMS depth distribution profiles of the components in the porous nanostructured
SrTiO3 film formed on Pt/TiOx /Si substrate.
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4. Conclusions
We described the sol-gel approach to the fabrication of porous Eu doped SrTiO3 multilayer film
structures. The technique does not require any organic template precursors in the sol for making the
material porous. Both porous nanostructured films and bulk powders demonstrate the most intensive
PL bands at 612 nm and 588 nm, respectively. Thus, this material can be used as correspondingly
yellow and red phosphors in optoelectronic devices depending on the structural state of Eu3+ ions.
XRD, Raman spectroscopy, and SIMS analysis are in a good agreement with each other and confirm
the formation of TiO2 , SrO, and SrTiO3 phases and their components in the porous SrTiO3 material.
The thin film structures, including porous SrTiO3 , exhibit hysteresis of C-V and I-V characteristics,
which is of interest for nonvolatile memory elements.
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Mizera, A.; Drożdż, E.; Łańcucki, Ł. Synthesis of highly porous SrTiO3 materials. Acta Phys. Pol. A 2018, 133,
873–875. [CrossRef]
Lee, J.-T.; Wey, M.-Y. PVA/Pt/N-TiO2 /SrTiO3 porous films with adjustable pore size for hydrogen production
under simulated sunlight. J. Colloid Interface Sci. 2020, 573, 158–164. [CrossRef]
Li, S.; Li, M.; Tao, A.; Song, M.; Wang, B.; Niu, J.; Yu, F.; Wu, Y. Synthesis of a bicontinuous structured
SrTiO3 porous film with significant photocatalytic activity by controlling phase separation process. J. Sol-Gel
Sci. Technol. 2020, 94, 288–297. [CrossRef]
Ujiie, K.; Kojima, T.; Ota, K.; Phuenhinlad, P.; Pleuksachat, S.; Meethong, N.; Itoi, T.; Uekawa, N. Preparation
of spherical and porous strontium titanate particles by hot water and hydrothermal conversion of hydrous
titania. Ceram. Int. 2020, 46, 6146–6153. [CrossRef]
Litvinov, V.G.; Ermachikhin, A.V.; Kusakin, D.S.; Vishnyakov, N.V.; Gudzev, V.V.; Karabanov, A.S.;
Karabanov, S.M.; Vikhrov, S.P. Investigation of deep-level defects lateral distribution in active layers
of multicrystalline silicon solar cells. MRS Adv. 2017, 2, 3141–3146. [CrossRef]
Shyamal, S.; Hajra, P.; Paramita, M.; Harahari, B.; Aparajita, S.; Sariket, D.; Satpati, A.; Malashchonak, M.;
Mazanik, A.; Korolik, O.; et al. Eu modified Cu2 O thin films: Significant enhancement in efficiency of
photoelectrochemical processes through suppression of charge caarier recombination. Chem. Eng. J. 2018, 335,
676–684. [CrossRef]
Zulueta, Y.A.; Lim, T.C.; Dawson, J.A. Defect clustering in rare-earth-doped BaTiO3 and SrTiO3 and its
influence on dopand incorporation. J. Phys. Chem. C. 2017, 121, 23642–23648. [CrossRef]
Binnemans, K. Interpretation of europium(III) spectra. Coord. Chem. Rev. 2015, 295, 1–45. [CrossRef]
Podhorodecki, A.; Banski, M.; Misiewicz, J.; Serafińczuk, J.; Gaponenko, N.V. Influence of annealing on
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