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Abstract. Nanophase strontium titanate specimens were preacoustic, dielectric, and piezoelectric properties studied ex-
pared by a stearic acid sol-gel process. The phase structurésnsively [4—6], its electronic structure and optical properties
photoluminescence, and electron states were investigated hgve also been investigated theoretically and experimentally.
X-ray diffraction and fluorescence spectroscopy. A visibleThe calculation by Kahn and Leyendecher using the linear
emission band centered 280 nmwas observed in the nano- combination of atomic orbitals (LCAO) method showed that
sized particles under an excitation with energy lower than théhe fundamental band gap is indirect, and the filled valence
band gap at room temperature. The peak intensity of the vid¥ands are derived from oxygerp2rbitals and the empty
ible emission band increases with decreasing particle sizeonduction bands derived from titaniurd 8rbitals [7]. The
This visible emission is attributed to the recombination of theband gap deduced from the observed optical absorption edge
long-lived self-trapped excitons with forceful binding-energyranges from 3.2 t@.4 eV [8, 9]. This uncertainty is mainly
formed in the nanosize8rTiO; mediated by the localized due to occurrence of the extended Urbach tail, which is of-
levels which are correlated to the intrinsic surface states antgn found inBaTiOs, PbTiO;, TiO,, and the other related
defect centers via a strong electron—phonon interaction. Theompounds containindiOg octahedra [10]. It is apparent
dependence of the visible emission band on excitation wavehat bulk SrTiO; absorbs ultraviolet (UV) radiation, and the
length was examined under both room and liquid nitrogeroptical absorption corresponds to a charge-transfer transition
temperatures where there exist a series of levels of the selfetweer0?~ andTi*t localized within a regular octahedron.
trapped excitons within the forbidden gap and the propertie&rabner [11] and Sihvonen [12] reported photoluminescence
of the self-trapped states are closely related to temperature.of single-crystalSrTiOs, a broad and structureless visible
emission band peaked arous00 nmunder UV radiation
PACS: 79.60.-i: 73.20.At: 81.40 at low temperature. !nvestigation on temperature.d.epende'nce
of the visible emission demonstrated that the visible emis-
sion band was quenched at temperatures atha@d. Many
experiments, such as radio luminescence [13], cathodolumi-
Photoluminescence (PL) properties of the nanosized maescence [10], and X-ray induced luminescence [14], etc.
terials have attracted considerable attention in the pastave been performed and not given uniform explanations for
decades [1-3]. It is quite natural that the nanosized materiatae mechanism of the visible emission. Using time-resolved
show different optical properties from those of bulk materi-spectroscopy, Leonelli and Brebner proposed a model to de-
als. On the one hand, the approaching of the particle diametscribe the luminescence process where electrons form small
to the order of some characteristic parameters, such as thelarons and holes interact with the polarons to produce self-
de Broglie wavelength of conductive electron, Bohr radiugrapped excitons (STEs), and the recombination of STEs re-
of exciton, and correlation length, etc. can cause a quaults in the visible emission, eitherimmediately, or after being
tum confinement effect, such as in the nanostruct@ie@e trapped for a certain time by impurities and defects [15, 16].
semiconducting systems, and on the other hand, the peculidiowever, disappearance of the visible emission alid@K
structure of the nanosized materials, i.e., a large number d¢ifas not been well explained yet.
intrinsic surface states and defect centers exert an important Recently, more attractive optical and PL properties have
influence on their electronic state properties. been revealed in bullSrTiOs, for example, three-photon
SrTiOs is a well-known perovskite-type incipient ferro- transitions, self-oscillations of excitons, and ionization of
electric with a large dielectric constant. In addition to itsSexcitons by laser radiation [17—-19]. In particular, room-
temperature PL caused by the particle size effect in nanophase
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the PL and electronic states of the nanoph&s&iO;. In  particle size 0f286 nmhas almost no luminescence, simi-
this paper we have synthesized the nanopl®3&0; sam- lar to the case of the bulk material. However, a broad visible
ples, and investigated their photoluminescence properties atnission band appears arous@D nmwhen the particle size
different particle sizes, excitation wavelengths as well as tenmdecreases t@20 nm Also, the peak intensity of the visible
peratures to gain a better understanding of the PL processesmission 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 8fleV

1 Experimental (398nm and the observed emission maximum energy
(2.6 &V) lie within the band gap o&rTiOs, which shows that
cEhere must exist certain localized levels within the forbidden

p because the direct electron transition between the valence
nd and the conduction band should be not allowed. How-
ver, a large number of surface “broken” or dangling bonds
nd defect centers intrinsically existing in the nanosized ma-

Nanophas&rTiO; samples were synthesized using a steari a
acid sol-gel method with starting precursors of strontiu
stearate and tetrabutyl titanate and solvent of the melte

stearic acid 70°C). After gelation the samples were heat-
treated for3 h at different temperatures: 650, 750, 850, an erials, can form various animated energy levels localized

900°C. X-ray diffraction patterns show their cubic structure ithin the forbidden gap and act as the optical absorption cen-

with well-crystallized character of the nanophase specimen : PP ; ’
Their average grain sizes were obtained from the XRD pat%:,érs, which make large modification for the optical properties

; X . o of materials such a€dS[1] and TiO, [2]. For the nano-
tgrinsst\r/]': g’\fgg@:grsrgﬂr‘ug}fg e[tzeh?r}tr;akéo/ r'? s(f;r?to ?gr,];vph: ;Z c. Sized titanates, the remarkable effects of the surface states

i . and defect centers on their optical and photoelectric proper-
LOaII fr?]g?(}rgngrz])‘(éﬁ:&%ﬁﬁ:gﬁggtgﬁgzéggnfﬁ2gv('ﬁg;::he ties were also found in the study of surface photovoltaic of the

(111) line is used), and the diffraction angle. The corres- nanophasébTiQ; [24] and photoacoustic spectroscopy of

ponding mean sizes of the nangcrystals are as follows: 26, Sﬁ(;e,[r? g?%ﬁ’:&iﬁg'gﬁa’\g&gg ?r? g C(:(;)()Ti%pFazgézig]dSc}vn%g
120, and286 nm In order to facilitate PL measurements, the

. . X L ndTi*t in ATiO3 (A = Sr, Ba, Pb) is very easily exposed
SrTiO; powders were compressed into discs with diameter of, '
13 mmand thickness o2 mm gt interfaces [27,28] and therefore would produce a large

X-ray diffraction measurements were conducted by X-raynumber of the "broken” bonds dfi and O atoms in such

diffractometer with modeD/Max-RA and the PL measure- ?hﬂ?ﬁgz?orrgit;rg?féclzter?tlztgse?(?rn?ég%é/rpz?éa!ésilllijzcégatw
ments were carried out on a SPEXIRXluorescencspec-

. in the forbidden gap at a certain concentration of oxygen de-
trometer where a xenon lamp wits0 mWpower outputwas . .~ . . . F I
used as an excitation source. 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.
2 Results and discussion There is a strong electron—phonon interaction in the bulk
SrTiOs. This becomes much stronger in the nanophase sys-
Figure 1 shows the PL emission spectra of the nanophasem than in the bulk phase due to the remarkable dielectric
SrTiO; specimens under an excitation 88 nmat room  and phonon confinement effects [30, 31], thus the formation
temperature. It can be seen that the nanopBas&); with  of the STE in the nanopha$eTiO;s 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].
—r 1+ 1T T 1 T T It is believed that the long-lived STE with forceful binding
B n energy can be formed, resulting in the visible emission in
. the nanophasBrTiO; even at room temperature. A possible
- PL process is shown in Fig. 2. At first tHB98nm 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 b8ITIO;, it is
7 impossible to observe the STE luminescence at temperatures
. abovel10 K due to its weak binding energy and short radia-
. tive lifetime.
i FT infrared spectroscopy was measured to examine or-
ganic substance in the specimens. Figure 3 shows a weak
(b) C—H absorption peak ne&880 cnt! caused by the residual
e organic substance. With increasing annealing temperature the
L, @ . pea.k hde(;:re?]ses.tr;l'ftét—H abs?rption p(—;‘]ak has corgplletely
vanished when the temperature reaches al&8@°C. In
420 480 540 600 66O the low-frequency region there are two bands at 1520 and
Wavelength (nm) 1340cnt? attributed to asymmetric and symmetric vibra-

Fig. 1. PL spectra of the nanophaSeTiOs under excitation ag98 nmfor  tions of theC=0 groups, .reSpecFiVel)ﬁ Itis Flearly seen that
various particle sizes: (€86 nm (b) 120 nm (c) 50 nm and (d)26 nm the bands decrease with increasing annealing temperature and

PL intensity (a. u.)
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Fig. 2. Schematic diagram of the PL process in the nanopt&3eO;. =
(1) Small-polaron formation. (2) possible hole capture. (3) and (4) retarded
formation of a STE. (3) and (5) direct formation of a STE -
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OR:SrTIO, Fig. 4. PL spectra of the nanopha&eTiOsz (26 nm) under excitation with
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Fig. 3. FT infrared spectra of the nanophaSeTiO; annealed for3 hours L
at various temperatures: (d60°C, (b) 550°C, (c) 650°C, (d) 750°C, 1.8 2'0 s 2‘4 L 2‘8 s 3L2 s 3&).0
(e) 850°C and (f) 900°C : ’ : : :

Excitation energy (eV)

Fig. 5. PL maximum energyt(iangle) and Stokes shiftsdpt) as a function

tend to enter the background neg60°C. The FT infrared ©f excitation energy
spectrum clearly indicates that the residual organic substance
does not make a contribution to luminescence in the anneal-
ing temperature region from 650 890°C. teraction on the excitation energy, related to the formation

Figure 4 exhibits the PL spectra of the nanopHaSEO;  of a series of the STE levels. These experimental data im-
with the size 026 nmunder different excitation wavelengths. ply that the optical response region of the nanopt&3é0;
A set of emission bands are distinctly recorded under variousan be continuously extended from the ultraviolet to the vis-
wavelengths, and the peak position of each band shifts ujible region, which is of great significance in optoelectronic
ward with increasing excitation wavelength. This means thaapplications, such as in photocatalysis and photoelectric con-
a series of the STE levels are formed in the forbidden gap. Mersion for effectively use of solar energy.
should be pointed out that the visible emission band could not The PL spectra of the nanophaSeTiO; (26 nm) under
be observed under excitation with the wavelength longer thadifferent excitation wavelengths were also recorded at liquid-
600 nmshown in triangle notation in Fig. 5, which means nitrogen temperature. A part of these PL spectra is plotted in
that there is a lowest position of the localized levels in theFig. 6 where a blueshift is shown with regard to the corres-
forbidden gap, corresponding to the energy of the excitaponding peak in Fig. 4. In addition, it was found that all the
tion wavelength of600 nm In a sense, the strength of the low-temperature visible emission bands become more inten-
electron—phononinteraction can be signified by the differencsive and more narrow compared to those at room tempera-
between the excitation energy and the emission maximurure. Moreover, for the excitation with wavelength longer than
(Stokes shift). It can be seen from the dot notation in Fig. 3180 nm the visible emission band was almost vanishing.
that the Stokes shift decreases with decreasing the excitation There are two competitive processes associated with the
energy. This indicates a dependence of electron—phonon iISTE: one is the STE recombination resulting in the visible



sion band indicates that there are a series of STE levels re-
lated to the intrinsic surface states and defect centers in the
nanophasé&rTiOs. Such kinds of the nanophaSeTiO; 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.

AcknowledgementsThis work has been supported by the National Climb-

ing

PL intensity (a. u.)

IS NS N ]
420 480 540 600 660

Wavelength (nm)

Fig. 6. PL spectra of the nanophaSeTiOsz (26 nm) under excitation with
different wavelengths: (a370 nm (b) 430 nm and (c)480 nmat liquid-
nitrogen temperature

emission and the other is the thermal dissociation of the ST
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