
Appl. Phys. A 70, 93–96 (2000) / Digital Object Identifier (DOI) 10.1007/s003399900147 Applied Physics A
Materials
Science & Processing
 Springer-Verlag 2000

Study of photoluminescence and electronic states in nanophase
strontium titanate
W.F. Zhang, Z. Yin, M.S. Zhang∗

National Laboratory of Solid State Microstructures and Center for Materials Analysis, Nanjing University, Nanjing 210093, P.R. China

Received: 9 March 1999/Accepted: 29 July 1999/Published online: 3 November 1999

Abstract. Nanophase strontium titanate specimens were pre-
pared by a stearic acid sol-gel process. The phase structures,
photoluminescence, and electron states were investigated by
X-ray diffraction and fluorescence spectroscopy. A visible
emission band centered at500 nmwas observed in the nano-
sized particles under an excitation with energy lower than the
band gap at room temperature. The peak intensity of the vis-
ible emission band increases with decreasing particle size.
This visible emission is attributed to the recombination of the
long-lived self-trapped excitons with forceful binding-energy
formed in the nanosizedSrTiO3 mediated by the localized
levels which are correlated to the intrinsic surface states and
defect centers via a strong electron–phonon interaction. The
dependence of the visible emission band on excitation wave-
length was examined under both room and liquid nitrogen
temperatures where there exist a series of levels of the self-
trapped excitons within the forbidden gap and the properties
of the self-trapped states are closely related to temperature.

PACS: 79.60.-i; 73.20.At; 81.40

Photoluminescence (PL) properties of the nanosized ma-
terials have attracted considerable attention in the past
decades [1–3]. It is quite natural that the nanosized materials
show different optical properties from those of bulk materi-
als. On the one hand, the approaching of the particle diameter
to the order of some characteristic parameters, such as the
de Broglie wavelength of conductive electron, Bohr radius
of exciton, and correlation length, etc. can cause a quan-
tum confinement effect, such as in the nanostructuredSi, Ge
semiconducting systems, and on the other hand, the peculiar
structure of the nanosized materials, i.e., a large number of
intrinsic surface states and defect centers exert an important
influence on their electronic state properties.

SrTiO3 is a well-known perovskite-type incipient ferro-
electric with a large dielectric constant. In addition to its
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acoustic, dielectric, and piezoelectric properties studied ex-
tensively [4–6], its electronic structure and optical properties
have also been investigated theoretically and experimentally.
The calculation by Kahn and Leyendecher using the linear
combination of atomic orbitals (LCAO) method showed that
the fundamental band gap is indirect, and the filled valence
bands are derived from oxygen 2p orbitals and the empty
conduction bands derived from titanium 3d orbitals [7]. The
band gap deduced from the observed optical absorption edge
ranges from 3.2 to3.4 eV [8, 9]. This uncertainty is mainly
due to occurrence of the extended Urbach tail, which is of-
ten found inBaTiO3, PbTiO3, TiO2, and the other related
compounds containingTiO6 octahedra [10]. It is apparent
that bulkSrTiO3 absorbs ultraviolet (UV) radiation, and the
optical absorption corresponds to a charge-transfer transition
betweenO2− andTi4+ localized within a regular octahedron.
Grabner [11] and Sihvonen [12] reported photoluminescence
of single-crystalSrTiO3, a broad and structureless visible
emission band peaked around500 nm under UV radiation
at low temperature. Investigation on temperature dependence
of the visible emission demonstrated that the visible emis-
sion band was quenched at temperatures above110 K. Many
experiments, such as radio luminescence [13], cathodolumi-
nescence [10], and X-ray induced luminescence [14], etc.
have been performed and not given uniform explanations for
the mechanism of the visible emission. Using time-resolved
spectroscopy, Leonelli and Brebner proposed a model to de-
scribe the luminescence process where electrons form small
polarons and holes interact with the polarons to produce self-
trapped excitons (STEs), and the recombination of STEs re-
sults in the visible emission, either immediately, or after being
trapped for a certain time by impurities and defects [15, 16].
However, disappearance of the visible emission above110 K
has not been well explained yet.

Recently, more attractive optical and PL properties have
been revealed in bulkSrTiO3, for example, three-photon
transitions, self-oscillations of excitons, and ionization of
excitons by laser radiation [17–19]. In particular, room-
temperature PL caused by the particle size effect in nanophase
ATiO3 (A = Sr, Ba, Pb, and La0.5Na0.5) has also been re-
ported [20–22]. These arouse a renewed interest in studying
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the PL and electronic states of the nanophaseSrTiO3. In
this paper we have synthesized the nanophaseSrTiO3 sam-
ples, and investigated their photoluminescence properties at
different particle sizes, excitation wavelengths as well as tem-
peratures to gain a better understanding of the PL processes.

1 Experimental

NanophaseSrTiO3 samples were synthesized using a stearic
acid sol-gel method with starting precursors of strontium
stearate and tetrabutyl titanate and solvent of the melted
stearic acid (70◦C). After gelation the samples were heat-
treated for3 h at different temperatures: 650, 750, 850, and
900◦C. X-ray diffraction patterns show their cubic structure
with well-crystallized character of the nanophase specimens.
Their average grain sizes were obtained from the XRD pat-
terns via Scherrer’s equation [23],D = kλ/β(θ) cosθ, where
D is the average grain diameter,k the constant (shape fac-
tor about 0.9),λ the X-ray wavelength,β(θ) the full width at
half maximum (FWHM) of the given diffraction line (here the
(111) line is used), andθ the diffraction angle. The corres-
ponding mean sizes of the nanocrystals are as follows: 26, 50,
120, and286 nm. In order to facilitate PL measurements, the
SrTiO3 powders were compressed into discs with diameter of
13 mmand thickness of2 mm.

X-ray diffraction measurements were conducted by X-ray
diffractometer with modelD/Max-RA and the PL measure-
ments were carried out on a SPEX F212 Fluorescencespec-
trometer where a xenon lamp with150 mWpower output was
used as an excitation source.

2 Results and discussion

Figure 1 shows the PL emission spectra of the nanophase
SrTiO3 specimens under an excitation of398 nm at room
temperature. It can be seen that the nanophaseSrTiO3 with

Fig. 1. PL spectra of the nanophaseSrTiO3 under excitation at398 nmfor
various particle sizes: (a)286 nm, (b) 120 nm, (c) 50 nm, and (d)26 nm

particle size of286 nmhas almost no luminescence, simi-
lar to the case of the bulk material. However, a broad visible
emission band appears around500 nmwhen the particle size
decreases to120 nm. Also, the peak intensity of the visible
emission band increases rapidly with decrease of the particle
size, while the corresponding peak position shows no shift.

It is noted that both the excitation energy of3.1 eV
(398 nm) and the observed emission maximum energy
(2.6 eV) lie within the band gap ofSrTiO3, which shows that
there must exist certain localized levels within the forbidden
gap because the direct electron transition between the valence
band and the conduction band should be not allowed. How-
ever, a large number of surface “broken” or dangling bonds
and defect centers intrinsically existing in the nanosized ma-
terials, can form various animated energy levels localized
within the forbidden gap and act as the optical absorption cen-
ters, which make large modification for the optical properties
of materials such asCdS [1] and TiO2 [2]. For the nano-
sized titanates, the remarkable effects of the surface states
and defect centers on their optical and photoelectric proper-
ties were also found in the study of surface photovoltaic of the
nanophasePbTiO3 [24] and photoacoustic spectroscopy of
the nanophaseSrTiO3, NiTiO3, andCoTiO3 [25, 26]. Owing
to their structural characters the (001) plane includingO2−
andTi4+ in ATiO3 (A = Sr, Ba, Pb) is very easily exposed
at interfaces [27, 28] and therefore would produce a large
number of the “broken” bonds ofTi and O atoms in such
nanosized materials. It has been experimentally elucidated
that the d-orbital surface states formed byTi3+ are stabilized
in the forbidden gap at a certain concentration of oxygen de-
ficiencies [29]. It is obvious that the number of the intrinsic
surface states and defect centers, and thus the intensity of
the visible emission band will increase with decrease of the
particle size.

There is a strong electron–phonon interaction in the bulk
SrTiO3. This becomes much stronger in the nanophase sys-
tem than in the bulk phase due to the remarkable dielectric
and phonon confinement effects [30, 31], thus the formation
of the STE in the nanophaseSrTiO3 is certainly unavoidable.
It is known that the binding energy and the radiative lifetime
of the excitons are strongly related to the particle size [3].
It is believed that the long-lived STE with forceful binding
energy can be formed, resulting in the visible emission in
the nanophaseSrTiO3 even at room temperature. A possible
PL process is shown in Fig. 2. At first the398-nm excita-
tion beam was incident on the specimens. A small polaron
is formed by the photon absorption, and the STE formation
mediated by the intrinsic surface states and defects is ac-
companied by the photon emission. In the bulkSrTiO3, it is
impossible to observe the STE luminescence at temperatures
above110 K due to its weak binding energy and short radia-
tive lifetime.

FT infrared spectroscopy was measured to examine or-
ganic substance in the specimens. Figure 3 shows a weak
C−H absorption peak near2880 cm−1 caused by the residual
organic substance. With increasing annealing temperature the
peak decreases. TheC−H absorption peak has completely
vanished when the temperature reaches above650◦C. In
the low-frequency region there are two bands at 1520 and
1340 cm−1 attributed to asymmetric and symmetric vibra-
tions of theC=O groups, respectively. It is clearly seen that
the bands decrease with increasing annealing temperature and
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Fig. 2. Schematic diagram of the PL process in the nanophaseSrTiO3.
(1) Small-polaron formation. (2) possible hole capture. (3) and (4) retarded
formation of a STE. (3) and (5) direct formation of a STE

Fig. 3. FT infrared spectra of the nanophaseSrTiO3 annealed for3 hours
at various temperatures: (a)450◦C, (b) 550◦C, (c) 650◦C, (d) 750◦C,
(e) 850◦C and (f) 900◦C

tend to enter the background near650◦C. The FT infrared
spectrum clearly indicates that the residual organic substance
does not make a contribution to luminescence in the anneal-
ing temperature region from 650 to900◦C.

Figure 4 exhibits the PL spectra of the nanophaseSrTiO3
with the size of26 nmunder different excitation wavelengths.
A set of emission bands are distinctly recorded under various
wavelengths, and the peak position of each band shifts up-
ward with increasing excitation wavelength. This means that
a series of the STE levels are formed in the forbidden gap. It
should be pointed out that the visible emission band could not
be observed under excitation with the wavelength longer than
600 nm shown in triangle notation in Fig. 5, which means
that there is a lowest position of the localized levels in the
forbidden gap, corresponding to the energy of the excita-
tion wavelength of600 nm. In a sense, the strength of the
electron–phonon interaction can be signified by the difference
between the excitation energy and the emission maximum
(Stokes shift). It can be seen from the dot notation in Fig. 5
that the Stokes shift decreases with decreasing the excitation
energy. This indicates a dependence of electron–phonon in-

Fig. 4. PL spectra of the nanophaseSrTiO3 (26 nm) under excitation with
different wavelengths: (a)370 nm, (b) 430 nm, (c) 480 nm, (d) 520 nm, and
(e) 600 nm

Fig. 5. PL maximum energy (triangle) and Stokes shifts (dot) as a function
of excitation energy

teraction on the excitation energy, related to the formation
of a series of the STE levels. These experimental data im-
ply that the optical response region of the nanophaseSrTiO3
can be continuously extended from the ultraviolet to the vis-
ible region, which is of great significance in optoelectronic
applications, such as in photocatalysis and photoelectric con-
version for effectively use of solar energy.

The PL spectra of the nanophaseSrTiO3 (26 nm) under
different excitation wavelengths were also recorded at liquid-
nitrogen temperature. A part of these PL spectra is plotted in
Fig. 6 where a blueshift is shown with regard to the corres-
ponding peak in Fig. 4. In addition, it was found that all the
low-temperature visible emission bands become more inten-
sive and more narrow compared to those at room tempera-
ture. Moreover, for the excitation with wavelength longer than
480 nm, the visible emission band was almost vanishing.

There are two competitive processes associated with the
STE: one is the STE recombination resulting in the visible
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Fig. 6. PL spectra of the nanophaseSrTiO3 (26 nm) under excitation with
different wavelengths: (a)370 nm, (b) 430 nm, and (c) 480 nm at liquid-
nitrogen temperature

emission and the other is the thermal dissociation of the STE
making the emission quench. Since the thermal dissociation
process dramatically drops at lower temperature, the emis-
sion via the recombination of STE was relatively intensified.
The broadening of the emission band is mainly caused by the
Doppler and thermal-collision mechanisms. The lowering of
temperature reduces the broadening effect indeed, therefore
the linewidth of the emission band was observed to decrease
at liquid-nitrogen temperature. Also, the lowering of tempera-
ture would result in the shallower localized levels and the
weaker electron–phonon interaction, and the STE level would
shift to a higher position, leading to the blueshift of the emis-
sion band.

3 Conclusion

The observed visible emission bands in the nanophaseSrTiO3
show that the properties of the electronic states are strongly
related to particle size and temperature. The visible emis-
sion band is ascribed to the recombination of the long-lived
STE with the forceful binding energy which can be estab-
lished in the nanostructuredSrTiO3 at room temperature.
The excitation-wavelength dependence of the visible emis-

sion band indicates that there are a series of STE levels re-
lated to the intrinsic surface states and defect centers in the
nanophaseSrTiO3. Such kinds of the nanophaseSrTiO3 are
a promising candidate for wide applications in the field of
photocatalysis, photochromics, and photoelectric conversion
due to its broad optic-response range from the ultraviolet to
visible light.
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