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Abstract

In order to clarify crystal defect effects on the physical phenomena observed for a SrTiOj; single crystal grown by Verneuil method, the
optical density and photoluminescence spectra, complex impedance spectra, and crystal structure were fully studied for the as-grown
crystal boule. The as-grown crystal boule consists of a shell (which is colorless transparent and electrically good insulator) and a core
(which is dark blue and has a high electrical conductivity (>10>2Q 'em™), and a colossal static dielectric constant (>10°) at room
temperature). The as-grown single crystal was then annealed at 973 K in an Ar—H, gas stream. With the progressing of annealing, the as-
grown single crystal becomes colorless-transparent insulator and the static dielectric constant decreases down to approximately 300 at
room temperature. The X-ray crystallographic studies indicate that the crystallinity is almost independent of the annealing, while the
dielectric property is considerably affected by the annealing. A model on the basis of a (Ti’*—oxygen vacancy) complex defect is

proposed for explaining the observed properties of SrTiOs.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a considerable number of experimental
research on the quantum paraelectricity [1,2], photo-
excitation [3-5] and photo-induced phenomena [3,5] in
SrTiOs. Like cases for other transition metal oxides, a
SrTiO; single crystal contains crystal defects which affect
considerably its physical properties. For example, we have
frequently observed specimen-dependent-static dielectric
constant, photoluminescence (PL) spectra in its shape and
intensity. Most of the recent workers use commercially
available colorless transparent SrTiO; crystals as speci-
mens. The crystals are usually prepared as follows. Using
nominally pure SrTiO; powder (approximately 99.99%) as
a starting material, a SrTiO; single crystal boule is grown
by the Verneuil method. The obtained single crystal boule
is black at a glance. After annealing at about 1000K in a
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reducing gas atmosphere, the crystal boule becomes color-
less transparent [6]. The annealed crystal boule is cut into
several parallel plates followed by mechanical polishing to
optical flats, which is supplied to many workers as a
substrate crystal for thin film deposition and as a specimen
for different studies. The purity of starting material powder,
the crystal growth apparatus, and the cutting and polishing
processes depend on the crystal manufacture company.
Such differences are thought to be the main causes for the
observed specimen-dependent properties of real SrTiO;
single crystals. Crystal defects may also affect the photo-
electric and photodielectric properties. For instance, photo-
generated carriers (electrons and holes) tend to stay and to
accumulate around crystal defects, and they may display
apparent phenomena, which are not present in a perfect
SrTiO;5 single crystal. Such specimen-dependent properties
and extrinsic phenomena have led many researchers astray.
In the present study, we study systematically the annealing
effects on the structural, electrical, and optical properties of
as-grown SrTiO; crystal.


www.elsevier.com/locate/physb
dx.doi.org/10.1016/j.physb.2007.08.205
mailto:motizuki@physics.chs.nihon-u.ac.jp

434 S. Mochizuki et al. /| Physica B 401-402 (2007) 433-436

2. Experimental

The optical density (OD) and PL spectra were measured
by two optical multi-channel analyzer systems. The optical
measurement systems are previously described in Ref. [3].
The complex impedance measurements were performed
with a LCR meter (Kokuyo LC-605). Advanced Thin film
X-ray Diffractometer (Rigaku ATX-E) and Curved IP
2-Dimensional X-ray Diffractometer (Rigaku D/MAX
RAPID) were used for X-ray diffraction studies.

3. Results and discussion

Fig. 1(a) shows the side view of a SrTiOj; single crystal
boule grown by the Verneuil method. The chemical purity
of the starting material SrTiO; powder was 99.99%.

Main impurities are Al, Ca, Ba, Fe, and Cu. Since Ba is
volatile at high temperature, the concentration of Ba in the
boule is smaller than that in the starting material powder.
The boule looks black. When the SrTiO; boule was cut
perpendicular to the growth axis [100] using a wire saw,
the boule tends to fracture. The brittleness is due to a
thermal stress whose magnitude depends on the crystal
growth condition. Fig. 1(b) shows one of the fractured
surfaces of the fragment, as a typical result. We can see a
colorless transparent shell, which is electrically insulating
(conductivity <10 °*Q 'em ") and a dark blue core which
is conductive (6>102Q 'ecm™"). The thickness of the shell
was about 2mm for this boule. Both the degree of such
blue-color unevenness and the shell thickness also depend
on the crystal growth condition. The blue color thins down
with leaving from the core center. The electrical conduc-
tivity also tends to decrease with leaving from the core
center.

The complex impedance (Z = ReZ+ilm Z) was mea-
sured for an as-grown SrTiO; single crystal with Au
electrodes. It is found that both the real part of the
conductivity, Re o, and the real part of the dielectric
constant, Ree, tend to decrease with leaving from the core
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Fig. 1. The as-grown SrTiO; single crystal boule: (a) side view and (b)
fractured surface.
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Fig. 2. Impedance complex plane plots for the as-grown SrTiOj; crystal at
different temperatures.

center. Fig. 2(a) shows the impedance complex plane plots
for a highly conductive as-grown SrTiOs; single crystal
plate at 294, 77, and 4.2K. Each curve is not a perfect
semicircle but an elliptical arc without the zero intercept,
which implies that the impedance curve consists of some
components of arc. This suggests that the equivalent
circuit should be considered as two parallel capacitance
C-resistance R elements connected in serial at least.
Fig. 2(b) shows the expanded view of the high frequency
Z data near the origin. As seen in the left-hand side of the
arc, the impedance plot shifts to the origin (the high
frequency limit) with decreasing temperature, growing an
extra arc at the high frequency side. The Ree and Reo
at 294K are 1.2x10° and 13x10°Q'em ! at 1kHz
respectively. Similar colossal dielectric constant (>10°) has
been already observed for oxygen-deficient BaTiO3 which is
conductive [7]. The complex impedance plot has been carried
out for a colorless transparent SrTiO; crystal at 294 K. This
crystal was obtained by fully annealing at 973K in Ar—H,
mixture gas stream, which is almost the same crystal as the
commercially available one. The Ree¢ and Reg of this
crystal at 1kHz are 342 and 1.6 x 10°Q 'em™', respec-
tively. The results obtained for the as-grown and fully
annealed SrTiOj crystals indicate that the ellipticity of
the Z curve relates to oxygen deficiency in the as-grown
SrTiO; crystal.

The as-grown crystal plates cut from the core were
annealed at 973K in a Ar-H, mixture gas stream for
desired times. The silver was evaporated on both sides of
the pate surfaces as electrodes. The cross-section and
thickness of the specimens are 1cm? and 0.5 mm, respec-
tively. At different stages of annealing, the complex
impedance was measured at room temperature in a
frequency range 42 Hz—1 MHz. The results of R and C at
1kHz are shown in Fig. 3.

These results suggest that the enhanced conductivity and
colossal dielectric constant are closely connected to crystal
defects. Through the annealing study, it is found that fully
annealed transparent crystal has different values of Reo
and Ree, depending on the original position in the crystal
boule. Incidentally, the ferroelectric-like hysteresis loop has
been clearly observed for the as-grown crystal and it comes
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Fig. 3. Annealing time dependence of the C and R for the as-grown
SrTiOj; crystal. The crystals were sputtered with Au electrodes.

to disappear at the early stage of annealing. Such strange
changes seem to be similar to the self-healing phenomenon
of Re ¢ during thermal reduction of a colorless transparent
SrTiOj crystal [8]. It is interpreted the phenomenon to be
related to the redistribution of Sr and/or SrO complexes in
close neighborhoods at the surfaces and subsequent solid
state reactions leading to a chemical inhomogeneous
microscopic near-surface region which is characterized by
non-Perovskite phases.

The OD and PL spectra were also measured at different
temperatures as a function of annealing time: preliminary
results were reported in Ref. [6]. The spectra for the as-
grown crystal and fully annealed one are shown in Fig. 4.
Below the energy gap of 3.2eV, OD spectrum of the as-
grown crystal shows many absorptions due to in-gap states
which can act as luminescence center. The oxygen defects
(for example, Ti’ " —oxygen vacancy complex) act as PL
center and some portion of them may remain even in fully
annealed crystal. In the complex, Ti® " ions act as hole trap,
while oxygen vacancies act as electron trap. Thus, complex
defects are responsible for the Stokes-shifted greenish white
luminescence observed in SrTiO;5 crystal [3].

Using a 3.8eV laser light, we have measured the
photoenhancement effect on the complex impedance at
4.2 K for the as-grown crystal and different annealed single
crystals. Two Au electrodes with a gap of about 1 mm were
sputtered on the one side of each crystal surface. The
applied voltage between the surface electrodes was 3 V. The
laser light fluence was at least 1.2W/cm?. The as-grown
crystal and crystals annealed for less than 2h in Ar-H, gas
stream did not exhibit any enhancement of the capacitance
by light irradiation, as shown in Fig. 5(a). However, after a
subsequent annealing at 973 K in air for 12h, this crystal
showed considerable photoenhancement, as shown in
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Fig. 4. The OD and PL spectra of the as-grown and fully annealed
SrTiOj; crystals.

Fig. 5(b). A result for the fully annealed crystal is shown
in Fig. 5(c). The subsequent annealing in air may enhance
photocarrier accumulation around crystal defects (for
example, Ti*> "—oxygen vacancy complex).

The X-ray fluorescence spectroscopic analysis has shown
that the oxygen content of as-grown crystal is smaller by
0.2% than that of fully annealed crystal. The X-ray
diffraction pattern, rocking curve, X-ray reflectivity, and
X-ray topograpgh were measured for the as-grown and
fully annealed crystals. The lattice parameters of the both
crystals are almost same, which are 0.390498 and
0.390497 nm, respectively. The half-widths of (005) line
of the both crystals are also almost identical, 0.0501° and
0.0498°. Non-Perovskite line, for instance, Ruddlesden—
Popper phases Sr,,Ti,03,+; (n=1-5) [9] are not
observed.

Figs. 6(a) and (b) are the X-ray topographs of the as-
grown crystal and fully annealed one, respectively. These
topographs were obtained by the w scan around the center
of the (12 3) diffraction line. The w value is given by each
topograph. Although the w dependence (uneven coloring)
seen in the topographs indicates the structural inhomo-
geneity at their crystal surfaces, the crystallinity is al-
most independent of annealing. The two-dimensional
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Fig. 5. Photoenhancement of the C of different SrTiO; crystals: (a)
crystal annealed at 973K in Ar-H, gas stream for 2h, (b) (a) +annealed
at 973 K in air for 12 h, (c) the fully annealed crystal. Solid circle and open
circle denote the C with and without UV light, respectively.

rocking-curve mapping study also proves that the crystal-
linity is almost independent of the annealing, regardless of
remarkable differences on the electrical and optical proper-
ties. Namely, the annealing decreases oxygen defect in
number and reduces microscopic semiconducting domain
in both number and size. The Maxwell-Wagner relaxation
[10] at the interfaces between an insulating stoichiometric
domain and a semiconducting non-stoichiometric one is
thus suppressed by annealing, which extinguishes the
colossal dielectric constant.
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Fig. 6. X-ray topographs of the as-grown SrTiO; crystal (a) and fully
annealed SrTiO; crystal (b). The w value is given by each topograph.
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Abstract

When MgO and rutile TiO, are irradiated with ultraviolet laser light (4 = 325nm, 4v = 3.81¢eV) in vacuum, their photoluminescence
spectra change in intensity and/or in spectral structure with increasing irradiation time. By irradiating with the same laser light at room
temperature in O, gas, their original photoluminescence re-appear. Such reversible phenomena are results of photo-induced oxygen
desorption and adsorption at surfaces. The mechanism and dynamics of the observed photo-induced spectral transitions are discussed on

the basis of the exciton theory.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The photo-induced oxygen desorption and adsorption of
metal oxides have attracted much interest, since these
phenomena may be used for a crystallinity improvement
and for searching new functional materials. For 10 years,
we have studied these phenomena for different metal
oxides, using the bulk single crystal, ceramics, film and
nanocrystal specimens [1-7]. When metal oxides are
irradiated with ultraviolet (UV) laser light in vacuum,
their photoluminescence (PL) spectra change in intensity
and/or in spectral structure with increasing irradiation time
t;;. After removing the laser light, these PL properties are
retained for long times at room temperature under room
light, regardless of any changes of atmosphere. By
irradiating with the same laser light at room temperature
in O, gas, their original PL re-appear. Some of the results
are collectively shown in Fig. 1 for BaTiOjs single crystal,
Eu,O;3 ceramics, KTaOj; single crystal, SiO, glass, Sm»,O3
ceramics, SrTiOj single crystal, anatase TiO, ceramics,
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Y,0;5 ceramics and ZnO ceramics. All the measurements
were carried out at room temperature. The £, (in min) of
laser light (A = 325nm, hv = 3.81¢V) is given by arrows
which indicate the direction of the spectral change. Each
oxide shown in this figure shows a similar spectral change
for bulk single crystal, ceramic, film and nanocrystal
specimens. Such reversible phenomena are the results of
photo-induced oxygen desorption and adsorption at
surfaces, which also creates/annihilates oxygen defects,
and they may well yield materials for white-light emitting
devices and erasable optical storage. The photo-induced
phenomena are observed also at low temperatures and
therefore they may be not phonon-assisted phenomena but
purely electronic ones. Incidentally, the incident photon
energy (hv = 3.81eV) is smaller than the band gap energies
of Eu,03, SiO; glass, Sm,03 and Y,0s5. It indicates that
there are other electronic oxygen desorption and adsorp-
tion processes other than interband electronic excitation in
bulk. Recently, many workers have been re-considering the
photo-induced oxygen desorption from MgO surface
taking into account the surface atomic and electronic
structures in detail [8]. Recently, we observed remarkable
photo-induced spectral change at room temperature under
a 3.81eV-laser-light irradiation. In the present paper,
results of MgO are presented comparing with those of
rutile.
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Fig. 1. Photo-induced PL spectral changes of different oxides at room
temperature. The irradiation was carried out with a UV laser light
(A =325nm, hv = 3.81¢V) in vacuum.

2. Experimental

MgO single crystal (99.98% purity) was grown by the
arc-melting method at Tateho Chem. Co. MgO ceramics
was prepared by pressing MgO powder (Wako Pure
Chemical Industry Ltd., 99.9% purity) under a pressure
of 0.2GPa at room temperature for 1h followed by
sintering at 1673K in air for 100h. Rutile TiO, single

crystal (99.99% purity) was grown by the Verneuil method
at Nakazumi Crystal Co. Rutile ceramics was prepared by
pressing rutile powder (Wako Pure Chemical Industry
Ltd., 99% purity) under a pressure of 0.2 GPa for 15 min at
room temperature followed by sintering at 673 K in air for
100 h. Irradiation is carried out with a continuous wave of
a He—Cd laser line (A = 325nm, Av = 3.81eV) with power
densities between 31 and 840 kW/m?. The illumination area
is between 2.54 x 10 ¢ and 1.13 x 10 ®*m?. The He—Cd laser
line also excites luminescence. Emitted light is dispersed
and detected by using a grating spectrograph equipped
with a multichannel photodetection system.

3. Results and discussion

Figs. 2(a) and (b) show the 3.81 eV-laser-light-induced PL
spectral changes of MgO (100) single crystal at room
temperature in vacuum and O, gas atmosphere, respectively.

The PL spectrum consists of at least two components
above 3.0eV and around 2.5¢V. The intense PL due to
Cr’ " impurities is observed below 1.9eV. Like for other
oxides shown in Fig. 1, the PL intensity of MgO single
crystal is enhanced by a 3.81eV-laser-light irradiation in
vacuum, while the PL spectrum returns to the original one
under a 3.81eV-laser-light irradiation in O, gas. The
observed reversible photo-induced PL spectral change in
between vacuum and O, gas for MgO single crystal
indicates that oxygen desorption and absorption can occur
even by photons of lower energy than the bulk MgO band
gap (7.7¢V). The difference between the curve at
t;; = Omin and that at ¢, = 60 min in Fig. 2(a), is shown
in Fig. 3.
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Fig. 2. UV-laser-light-induced PL spectral changes of MgO single crystal
at room temperature: (a) in vacuum and (b) in O, gas.
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As shown in this figure, a broad band around 2.5¢V,
accompanied by unresolved shoulder Iuminescence above
2.8¢eV, appears. Coluccia [9] and Spoto observed the
luminescence band at 3.3eV under 5.7 and 4.6¢eV excita-
tions for MgO powder [10]. We have also carried out the
same photo-induced experiments for MgO ceramics. The
results are shown in Fig. 4.

It is noted that the PL intensity and speed of spectral
change for MgO ceramics are larger than those for MgO
single crystal. The same photo-induced experiments are
also carried out for rutile TiO, single crystal, which is
shown in Fig. 5.

The difference between the curve at 7, = O min and that
at t;; = 8h in Fig. 5(a), is shown in Fig. 6.

The spectral components between 2.5 and 1.6eV are due
to oxygen desorption. The spectral change is very similar
to that of anatase TiO,, which is shown in Fig. 1 and
Ref. [11]. It is found that the spectral changes shown in

PL intensity
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Photon energy (eV)

Fig. 3. Difference spectrum between the curve at 7, = Omin and that at
t;; = 60min in Fig. 2(a).
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Fig. 4. UV-laser-light-induced PL spectral changes of MgO ceramics at
room temperature: (a) in vacuum and (b) in O, gas.
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Fig. 5. UV-laser-light-induced PL spectral changes of rutile TiO, single
crystal at room temperature: (a) in vacuum and (b) in O, gas.
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Fig. 6. Difference spectrum between the curve at 4, = O min and that at
ti; = 8h in Fig. 5(a).

Figs. 5(a) and (b) are hard to be induced by photons with
energies lower than the band gap (3.0eV) of rutile.
Therefore, it may be concluded that oxygen desorption
from rutile surface can be induced only by the interband
electronic excitation. We have also carried out the same
photo-induced experiments for rutile TiO, ceramics. Fig. 7
shows the photo-induced PL spectral change of rutile
ceramics in vacuum.

It is noted that, like the case of MgO, the PL intensity
and speed of spectral change of rutile ceramics are larger
than those of rutile single crystal.

4. Exciton model of photo-induced oxygen defect and photo-
enhanced white luminescence

For MgO, conventional optical absorption measure-
ments do not exhibit any absorption at photon energies
below 7.7eV (which is the band gap of MgO). However, it
has been theoretically concluded that the surface oxygen
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Fig. 7. UV-laser-light-induced PL spectral change of rutile TiO, ceramics
at room temperature in vacuum.

atomic structures (steps, kinks and corners) with low
crystal symmetry, which are regarded as clusters, create in-
gap states. The energy calculation of such surface clusters
gives the highest occupied molecular orbital (HOMO)—the
lowest unoccupied molecular orbital (LUMO) gap energy
smaller than 7.7e¢V, for example, 4.5e¢V [12]. Since a
3.81eV (4 =325nm) laser photon can induce oxygen
desorption, there is a HOMO-LUMO gap of 3.81¢V.
The HOMO state is mainly localized on the surface
oxygen, while the LUMO state is delocalized over the
adjacent Mg>" ions. The optical transition from the
HOMO to the LUMO creates O ' ion at surfaces. This
does not result in spontaneous oxygen emission. However,
if the lifetime of the excited state is long and photon fluence
is high, the second excitation of oxygen ion (O'—-0%+¢")
may occur and result in spontaneous oxygen desorption
and oxygen defect formation.

On the other hand, rutile TiO, can be excited by the
3.81eV-laser light. After such photoexcitation, some of the
photo-produced electrons and holes recombine directly,
displaying luminescence with a short lifetime. Another
portion of photo-produced electrons may move itinerantly,
undergoing repeated collisions by phonons and trapping by
oxygen defects. When some portion of photo-produced
electrons and holes are trapped at distant traps, lumines-
cence arises from accidental recombination of shallowly
trapped electrons with distant holes localized around
defects, exhibiting a long-lasting luminescence. Possible
oxygen defects in rutile include a complex defect, Ti® " —
(oxygen vacancy)—Ti®", and a point defect, (oxygen
vacancy) +2e¢ . In the complex defect, Ti*" ions act as

hole trap, while oxygen vacancies act as electron trap.
Toyozawa [13] proposed three types of symmetry-breaking
instabilities of excitons in the phonon field. According to
this theory, if the electron and the hole have deformation
potentials of opposite sign, the decomposition into a pair
of self-trapped particles occur. In other words, electron
(e) and hole (h) combine, forming a trapped electron (S.)
and a trapped hole (Sy,) on adjoining sites, i.e. S, + Sy, state.
In this case, the (e +Sy,) and (h+ S,) states are thought to be
unstable, so that this exciton instability may result in
oxygen desorption and oxygen defect formation at rutile
surface, like the case discussed for photo-induced breaking
of Si—O bond in silica [14]. In both MgO and rutile TiO,,
the oxygen defects act as luminescence centres.
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1 Introduction Strontium titanate (SrTiO;, STO) is a well-known quantum paraelectrics. STO bulk-
crystal has a large dielectric constant [1], excellent optical transparency and remarkable photo-induced
effects [2, 3]. On the other hand, STO is also a well-known photocatalyst and the surface property has
attracted great attention. The nanosized particles and engineered nanosized-surface of STO are particu-
larly interesting for the development of novel optoelectronic devices. We pointed out previously an im-
portant role of (Ti*-oxygen vacancy-Ti’") complex defects in the optical properties of STO single crystal
[3, 4]. Recently, we have studied the photoluminescence and dielectric properties of STO nanoparticles
and STO single crystal with molecular layer steps on the surfaces. Here, we report the results.

2 Experimental The surface of a molecular-layer-step (MLS) STO single crystals were supplied by
Sinkosya Co. They consist of a flat terrace (200 nm in width) and molecular layer steps (0.4 nm in
height). STO nanoparticle specimens were prepared by compressing nominally pure STO nanoparticle
powder (99.9 % in purity and 50-90 nm in diameter), under 0.4 GPa for 10 min at room temperature.
They were then treated by 2.4 GHz microwave in air for 5 min. X-ray diffraction analysis shows that
STO specimens are a cubic perovskite phase STO. The experimental setup for photoluminescence meas-
urements is presented in detail elsewhere [3].

3 Results and discussion Figure 1(a) shows the photoluminescence (PL) spectra of pristine STO
single crystal without any engineering at 13 K under different photoexcitation intensities. The photoexci-
tation is carried out with a 355 nm laser light from a Nd>*-YAG laser and the intensity (mJ/cm?) is given
by each curve. Under weak excitation, only a white luminescence around 2.45 eV is observed. With
increasing laser fluence, the white luminescence intensity increases monotonously and a near-band-edge
luminescence (NBE luminescence) around 3.23 eV appears. On the laser fluence further increasing up to
4 mJ)/cm?, the white luminescence attains a maximum, while both the NBE luminescence and a broad
blue luminescence between the NBE luminescence and the white one become prominent. We have al-
ready clarified, for one-photon excitation PL, that the white luminescence arises mainly from oxygen
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defects at the crystal surfaces [3], and the blue luminescence and the NBE luminescence are the free-
carrier-enhanced defect luminescence and the free-carrier-enhanced band edge emission, respectively.
On laser fluence exceeding 4 mJ/cm?’ the white luminescence intensity begins to decrease monoto-
nously, while both the NBE luminescence band and the blue luminescence band continue to grow more,
deteriorating the white luminescence band. Incidentally, we have found that the white luminescence inten-
sity maximum appeared at 0.4 mJ/cm” for the sintered STO powder (several hundreds micrometres in size)
compact. This suggests that most of the white-luminescence centres are at specimen surface [3]. The same
measurement was carried out for the MLS STO single crystal. The result is shown in figure 1(b).
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Fig. 1 The excitation light intensity dependence of the PL spectra of different STO single crystals: (a) Pristine
STO at 13 K, (b) MLS STO at 10 K. The excitation laser light wavelength is 355 nm.

As seen in this figure, the white luminescence intensity maximum appears at 1.4 mJ/cm® which is smaller
than that (4.0 mJ/cm®) of the pristine STO single crystal. Clear white-blue luminescence colour change is
observed at an intensity of 8 mJ/cm® with the naked eye. The white luminescence observed for both the
STO single crystals almost disappears above 40 K.

Figure 2(a) shows the photoexcitation intensity dependence of the PL spectrum of STO nanoparticles
at 10 K. Photoexcitation was carried out with a 355 nm laser light. In Fig. 2(b), after normalizing the
spectra in intensity, the spectrum under intense excitation is compared with that under weak excitation.
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Fig. 2 The excitation light intensity dependence of the PL spectrum of STO nanoparticle specimen at 10 K: (a),
(b) comparison of the spectra under intense excitation with that under weak excitation, (c) temperature dependence
of PL spectrum.
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As seen from this figure, the white luminescence is merged in the blue luminescence band, which sug-
gests that the white luminescence maximum intensity appears at lower excitation intensity than 0.02
mJ/cm®. The NBE luminescence is faintly seen at the high energy side of the blue luminescence as a
shoulder. It is found that, at room temperature, the blue-luminescence intensity of the STO nanoparticles
is three times larger than that of the STO bulk single crystal. This suggests that the free carrier as an
activator of the blue-luminescence and/or the defect as a luminescence centre increase in number. Inci-
dentally, a relatively high electrical conductivity (> 10~ S/m) has been observed for the STO nanoparti-
cle specimen. Figure 3(c) shows the PL spectra of the STO nanoparticles at 10 and 293 K. Unlike the
pristine STO single crystal and MLS one, the temperature dependence of the blue luminescence is small.

As discussed in the previous paper [3], the one-photon-excitation PL of the pristine STO single crystal
is explained as follows. Most of the photo-generated holes may be deeply trapped at Ti’" sites of the
complexes. Unlike such holes, photo-generated electrons may move itinerantly, experiencing repeatedly
collisions by phonons and trapping by oxygen defects. When some portion of photo-generated holes and
-electrons are trapped at distant complexes, the white luminescence arises from accidental recombination
of shallowly trapped electrons with distant holes localized around the defects, exhibiting a long-lasting
white luminescence. With increasing laser fluence, the numbers of photo-generated electrons and holes
increase and then the PL intensity may increase. At further increasing laser fluence, photo-generated
electrons and holes become diffused more rapidly inside crystal (bulk), and therefore the PL intensity
decreases. This is a reason why the white PL intensity maximum appears. In other word, this means that
most of the defect luminescence centres ((Ti’"-oxygen vacancy-Ti’") complex defects) are at the speci-
men surface. In the complex, the Ti*" ions act as hole traps, while the vacancy tends to trap electron.
Since nanoparticle has large specific surface area, the STO nanoparticle specimen may exhibit a PL
intensity maximum at the laser fluence smaller than that of the bulk single crystal specimen. In addition
to these defect effects, it should be taken into the consideration that, at higher laser fluence, direct re-
combination of photo-generated carriers enhances the NBE and blue luminescence, deteriorating the
white luminescence. Assuming the nonradiative mutiphonon relaxation, the observed small temperature
dependence of the blue luminescence intensity indicates that the height of an average potential barrier
separating the luminescent state from ground state in STO nanoparticles is small compared with that of
STO bulk crystals.

The dielectric constants (€) of the three types of STO specimens were also measured with an imped-
ance meter in a frequency range between 0.01 Hz and 3 MHz. The ¢ (1 kHz) of both the pristine STO
single crystal and the MLS STO one are about 300 at room temperature, while € (I kHz) of STO
nanoparticle specimens are between 340 and 300, regardless of a high porosity (about 50 %). Such the
enhanced € may be due to the polar ((Ti**-oxygen vacancy-Ti*") complex defects at nanoparticle surfaces
or due to the Maxwell-Wagner effect [5] contributed by the heterogeneity within nanoparticles, or due to
the Maxwell-Wagner effect contributed by the depletion layer between electrode and nanoparticle.
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1 Introduction Several years ago, we found a reversible photo-induced spectral change in Eu,0O; at
room temperature [1, 2]. When Eu,0O; ceramic and film are irradiated with a 325 nm laser light in vac-
uum, their photoluminescence (PL) spectrum changes from a red sharp-line structure to a white broad
band, which can be clearly seen with the naked eye. After removing the ultraviolet (UV) laser light, the
white PL state was stored for several years at room temperature under room light, regardless of any
changes of atmosphere. By irradiating with the same UV laser light at room temperature under O, gas
atmosphere, the original red PL state re-appeares. Such reversible phenomenon may well yield materials
for white-light-emitting devices and erasable optical storage. Expecting the improvement in the speed of
such spectral change due to reduction of system size, we have studied the reversible UV-laser-light-
induced spectral change in several kinds of oxide nanoparticle specimens. In the present paper, we report
upon the results of Eu,O; nanoparticles, Y,0; nanoparticles and SrTiO; nanoparticles.

2 Experimental FEu,O; fine particles (several nanometers in size) were deposited on a room-
temperature silica substrate in O, gas of a pressure (5.1 Pa) by laser ablation method with a pulsed Nd*'-
YAG laser light (wavelength A = 355 nm). X-ray diffraction (XRD) shows that the as-deposited film
displays halo XRD pattern which is reproduced by broadening the B-form- and C-form Eu,0; XRD
lines. The particle size is several ten nanometers. Y,O; and SrTiO; nanocrystal specimens are prepared
by pressing nominally pure Y,0; nanocrystal powder (99.9 % in purity and 27 nm in average size) and
nominally pure SrTiO; nanocrystal powder (99.9 % in purity and 50-90 nm in diameter), respectively,
under 0.4 GPa for 10 min at room temperature. The XRD analysis shows that Y,0; specimen and SrTiO;
one are a cubic phase Y,0; and a cubic perovskeite phase SrTiOs, respectively. UV-laser-light irradia-
tion is carried out with a continuous wave of a He-Cd laser line (A = 325 nm) with a power of 30 mW.
The irradiated optic area is about 3 x 10 m”. The same laser light excites luminescence. Emitted light is
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dispersed and detected using a grating spectrograph equipped with an image-intensified photodetection
system. To avoid oil-vapour effects, the evacuation of the specimen chamber is carried out with an oil-
free vacuum pumping system.

3 Results and discussion Figure 1(a) shows the luminescence of the Eu,O; nanoparticle film which
was fully-irradiated with a 325 nm laser light in O, gas of 1.01 x 10’ Pa for 1h. The red colour is due to
the luminescent *Dy-'F; (J = 0, 1, 2,...) transitions in Eu’" ion. Under irradiation of the laser light, the
specimen chamber was then evacuated below 1.33 x 10 Pa and the red luminescence changes gradually
to white one. Figure 1(b) shows the luminescence of the same film irradiated with the same laser light in
vacuum for 1h. The measured spectral changes under the irradiation in vacuum and in O, gas are shown
in Fig. 1(c) and Fig. 1(d), respectively. The irradiation time #; is given by each curve in min.
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Fig. 1 325 nm-laser-light-induced photoluminescence changes of Eu,0O3 nanoparticle specimen: (a) and (b) show the
colour change, (c) and (d) show the spectral changes in vacuum and in O, gas, respectively.

It is found that, after removing the 325 nm laser light, the white PL state is stored for more than several
years at room temperature under room light, regardless of any changes of atmosphere. As seen in Fig.
1(c), the PL due to the Dy-'F, transition decreases in intensity with irradiation time. The red-white lumi-
nescence change arises from a photo-induced detachment of oxygen near film surface. The photo-
induced oxygen detachment may be accompanied both by the valence number change (Eu’" — Eu”") and
by oxygen defect, as follows.

325 nm laser photon

. . n . 1
Eu,0,in surface lattice —22Mm&erphoon s (Ey®* — pxygen vacancy —Eu®") complex + EOZ T (1)

In the complex, the Eu®" ions act as hole traps (Sk), while the oxygen vacancies behave as electron traps
(Se). Toyozawa [3] proposed three types of symmetry-breaking instabilities of excitons in the phonon
field and, when the electron and the hole have deformation potentials of opposite sign, the decomposition
into a pair of self-trapped particles occur. Therefore, such exciton instability may result in oxygen de-
sorption at Eu,O; surfaces. The laser photon energy is close to the charge transfer exciton energy of
Eu,0;. In the present Eu,O; specimens, the seeds of the observed photo-induced spectral change may be
the defects which had already existed at particle surfaces and can absorb 325 nm laser photons.

Figures 2(a) and (b) show the 325 nm-laser-light-induced spectral change of Y,O; nanoparticle speci-
men in vacuum and O, gas, respectively. The irradiation time is given by each curve in min. A reversible
photo-induced spectral change of the white PL has been clearly observed. The intense PL state created
under 325 nm laser light irradiation is found to be stored for at least several days at room temperature,
regardless of any changes of atmosphere. The spectral changes are accompanied by some spectral red-
shift. It is found that the spectral change speed of Y,O; nanoparticle specimen is about three times larger
than that of Y,O; bulk crystal. Since the energy gap of Y,O; crystal is about 5 eV [4] which is larger than
the incident photon energy (3.81 eV), the optical absorption due to surface defects should be considered.
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Fig.2 325 nm-laser-light-induced photoluminescence spectral change of Y,0O; nanoparticle specimen.

Quite similar photo-induced spectral changes have been observed for SrTiO; nanoparticle specimen.
Figures 3(a) and (b) show the spectral changes of SrTiO; nanoparticle specimen at room temperature.
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Fig.3 325 nm-laser-light-induced photoluminescence spectral change of SrTiO; nanoparticle specimen.

It is noted that, unlike Eu,0;- and Y,0; nanoparticles, the fully-photo-reduced SrTiO; nanoparticles
became more luminescent by introducing O, gas (compare the uppermost curve in Fig. 3(a) with the
uppermost one in Fig. 3(b)). This suggests that a successive photoreduction-photooxidation treatment
removes nonradiative traps. As pointed out previously for SrTiOs bulk single crystal [5], (Ti**-oxygen
vacancy-Ti’") complex defects at surfaces are luminescence centres. It is found that the speed of the
spectral change is larger than that of SrTiO; single bulk crystal [5].
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In order to clarify the large band gap energy reported for thin SrTiO; film (of which thickness is smaller
than 200 nm) and to examine the optical properties reported for bulk SrTiO; crystals, different thick
SrTiO; films were prepared by a pulsed laser ablation method. The morphology and structure of the as-
deposited and annealed films were studied with the optical- and scanning electron microscopes and with
an x-ray diffraction method. The optical absorption and photoluminescence properties of the films are
then measured at temperatures between 6.5 and 300 K. A large band gap energy (about 4.0 eV) has been
observed even for thick amorphous SrTiOs films (of which thicknesses are approximately 1.3 pum).
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1 Introduction Strontium titanate (SrTiO;, STO) crystal is a well-known perovskite-type paraelectric
oxide with a large dielectric constant (300 at 300 K, 10* at 10 K) [1]. In view of the large dielectric con-
stant, excellent optical transparency and remarkable photo-induced effects [2, 3], a thin STO film has
many important applications in the field of semiconductor device. So far, various growth techniques
have been applied to prepare thin STO films and several workers [4, 5] reported excessively large optical
band-gap energy E, (3.4 eV < E, < 3.8 eV) of thin STO films, while the E, of a bulk STO crystal is ap-
proximately 3.2 eV. However, the cause of such a large E, of the thin films has been not fully elucidated.
Recently, we have prepared different thick STO films and observed also excessively large £, and intense
luminescence. The morphology, crystal structure and optical (absorption and photoluminescence) proper-
ties have been studied before and after thermal annealing. The obtained results are compared with those
reported for thin STO films.

2 Experimental STO films were prepared on different kinds of optically-flat substrates (silica glass,
Au-coated silica glass, and C-cut sapphire) by a pulsed laser ablation method. The conditions of the laser

ablation are shown in Table 1.

Table 1 Conditions of the laser ablation.

laser third-harmonic wave (4 = 355 nm) of Nd**-YAG laser
target as-grown STO single crystal grown by Verneuil method
substrate temperature room temperature

atmosphere vacuum

substrates silica glass, Au-coated silica glass, and C-cut sapphire

spacing between target and substrate 110 mm
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After deposition, the half pieces of the as-deposited films were annealed at 873 K in air for 6 h. The
surface morphology of the films was studied with an optical microscope (OM) (Nano Scale Hybrid Mi-
croscope, KEYENCE VN-8000), an atomic force microscope (AFM) (Nano Scale Hybrid Microscope,
KEYENCE VN-8000) and a scanning electron microscope (SEM) (3D real surface microscope,
KEYENCE VE-9800). The structural data of the films were gathered at 300 K using an x-ray diffraction
(XRD) system with Cu Ka,; radiation. The optical absorption, the transmittance and the reflectance of the
films were measured using an optical multi-channel analyser (OMA). The photoluminescence (PL) and
PL-excitation spectra were measured another OMA equipped with an image-intensified photodiode-array
detector. A He-Cd laser (1 = 325 nm) and a Nd**-YAG laser were used as excitation sources. A He-
closed-cycle-refrigerator-type cryostat was used to control sample temperature.

3 Results and discussion The morphologic and structural studies were carried out at room temperature
on all of the fabricated films with the above-described three microscopes and the XRD apparatus. The
results were almost independent of the kinds of substrates. As typical results, the SEM images and XRD
patterns of the as-deposited and annealed STO films on the silica glass substrate are shown in
Fig. 1. As seen from these figures, the as-deposited film is a smooth-surface amorphous film, while the
annealed film is a STO crystalline film consisting of grains. The grain sizes are characterized to be sev-
eral hundreds nanometers by the SEM observations with a higher resolution. The lattice constant of the
annealed film is estimated to be 0.390 + 0.001 nm (which is close to the bulk crystal value) from the
XRD pattern. On the other hand, the XRD pattern of the as-deposited film can be reproduced by broad-
ening and shifting the XRD pattern of the annealed film to lower angles, indicating that the average
atomic separation of the as-deposited film is increased. It is also seen that the thermal annealing process
makes many crevices in the uniform film layer and divides it into domains of several ten micronmeters
sizes, indicating that the strain in the film is almost released by creating crevices. Some large particles
(whose sizes are between several hundreds nanometers and several micronmeters) are also observed.
They may be explosively spouted out from the STO target crystal during the laser ablation.
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annealed film

XRD intensity (arb. scale)

as-deposited film

10 20 30 40 50 60 70 80
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Fig. 1 The SEM images and X-ray diffraction patterns of the as-deposited and annealed STO films.
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The optical density (OD) and PL spectra of all the fabricated STO films were measured at tempera-
tures between 6.5 and 300 K. As typical results, the OD spectra of the as-deposited and annealed STO
film on the silica glass and sapphire substrates at room temperature are shown in Fig. 2. The film thick-
nesses d estimated from the interference fringes are given by each curves. It is noted that the absorption
edge of the as-deposited film is blue-shifted to about 4.0 eV (which was estimated by plotting the square
of the OD against photon energy) and then it is red-shifted to about 3.3 eV (which is close to the E, of
STO bulk crystal [6]) by thermal annealing. Such behaviour is independent of the kind of substrate ma-
terial.

40 35 30 25 45 4.0 35 30 25
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Fig. 2 The OD spectra of the as-deposited and annealed STO films on different kinds of substrates at 300 K.

Although it has been believed that the £, of STO film shows a strong dependence on film thickness and
there is a critical film thickness (about 200 nm) [4, 5], the present results on the thick films clarify that,
even if it is thick film, the STO film exhibiting a halo-XRD pattern has always large band gap energy.
We have measured the PL spectra of all the fabricated films at different temperatures between 7.4 and
300 K. The PL spectra of the as-deposited and annealed STO films on the silica glass, Au-coated silica
glass and sapphire substrates at several temperatures are shown in Fig. 3. In this figure, the PL intensities
of the as-deposited STO films on the silica glass are tripled. A 325 nm laser light was used for the excita-
tion. It is found that the PL intensity is nearly proportional to the excitation light intensity. The time-
resolved PL measurements showed that all the PL components have the lifetimes of about 10 ns.
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Fig. 3 The PL spectra of different STO film specimens at several temperatures.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.pss-c.com



phys. stat. sol. (¢) 3, No. 10 (2006) 3519

The observed PL spectral features are summarized as follows.
(1) The PL spectra of the as-deposited films consist of several ultraviolet (UV) components between 3.3
and 2.8 eV and several white luminescence components between 2.7 and 2.0 eV.
(2) The PL intensity is decreased by thermal annealing. Especially, the intensity decrease of the white
luminescence at low temperatures (< 8 K) is remarkable.
(3) The white luminescence components of the as-deposited STO films remain at room temperature,
while those of the annealed films almost disappears at room temperature.
(4) With increasing temperature from 7.5 K to about 180 K, the PL intensity monotonously decreases.
With further increasing temperature, the PL components above 2.8 eV begin to increase in intensity. The
PL intensity of each specimen attains each maximum at an intermediate temperature range between 190
and 230 K. On further increasing temperature to 300 K, all of the PL components decrease in intensity.

Similar UV luminescence and white one were observed for a bulk STO single crystal [7, 8], but the
white luminescence of the bulk specimen almost disappears above 50 K. Pontes et al. [9] found an in-
tense white luminescence band centred at 2.3 eV at room temperature in highly disordered STO films
and the luminescence disappeared with progressing thermal annealing (which induces crystallization).
The behaviour is very similar to the features (2) and (3). They tried to assign the white luminescence to
non-bridging oxygen defect centres. In the previous paper [8, 10], we pointed out the important role of
oxygen defects (for example, (Ti’*-oxygen vacancy-Ti’") complex) for the white luminescence observed
for STO bulk single crystal. The temperature-enhanced luminescence at the intermediate temperature
range, which is given in the feature (4), may be due to some thermal release of trapped electrons. Com-
paring the considerably-blue-shifted optical absorption edge energies (see Fig. 2) with the excitation
laser photon energy (3.81 eV), a basic problem is raised about the PL of the as-deposited films. How
does a 325 nm (= 3.81 eV) laser photon excite the luminescence of the as-deposited films having large
band gap (> 3.8 eV)? A possible mechanism is the photoexcitation of mid-gap states due to structural
defects and/or surface defects which are missed in a conventional optical transmission measurement. On
the other hand, since the interband excitation is effectively achieved in the annealed films by the 325 nm
laser photon, the PL components of the annealed films may be assigned to the recombination lumines-
cence of the electron and hole trapped around crystal defects (which decrease in number by annealing).

Finally, though the blue-shifted energy gap of the film (which displays a halo XRD pattern) has been
frequently attributed to the quantum-size effect or the amorphous structures, the present study suggests
that the blue-shift originates mainly from large interatomic spacing in amorphous structure which con-
tains a large number of oxygen defects. The PL spectra before and after annealing procedure clarify that
the crystal defects in STO films act as the white-luminescence centres. More detailed analysis of the
experimental data shown in the present paper is now in progress. The results will be reported in a sepa-
rate paper.

References

[1] K. A. Miiller and H. Burkard, Phys. Rev. B 19, 3593 (1979).

[2] H. Katsu, H. Tanaka, and T. Kawai, J. Appl. Phys. 90, 4578 (2001).

[3] T. Hasegawa, S. Mouri, Y. Yamada, and K. Tanaka, J. Phys. Soc. Jpn. 72, 41 (2003).

[4] D. Bao, X. Yao, N. Wakiya, K. Shinozaki, and N. Mizutani, Appl. Phys. Lett. 79, 3767 (2001).

[51 Y. Gao, Y. Masuda, and K. Koumoto, J. Korean Ceram. Soc. 40(3), 213 (2003).

[6] M. Cardona, Phys. Rev. 140, A651 (1965).

[7] T. Hasegawa, M. Shirai, and K. Tanaka, J. Lumin. 87-89, 1217 (2000).

[8] S. Mochizuki, F. Fujishiro, and S. Minami, J. Phys.: Condens. Matter 17, 923 (2005).

[9] E. M. Pontes, E. Longo, E. R. Leite, E. J. H. Lee, J. A. Varela, P. S. Pizani, C. E. M. Campos, F. Lanciotti, V.
Mastellaro, and C. D. Pinheiro, Mater. Chem. Phys. 77, 598 (2002).

[10] S. Mochizuki, F. Fujishiro, K. Shibata, and K. Ishiwata, Physia B 376/377, 816 (2006).

WWW.pss-c.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



physica

current topics in solid state physics

Excitons in pristine silver iodide crystals

Shosuke Mochizuki and Fumito Fujishiro

Department of Physics, College of Humanities and Sciences, Nihon University, 3-25-40 Sakurajosui,
Setagaya-ku, Tokyo 156-8550, Japan

Received 7 June 2006, revised 14 July 2006, accepted 17 July 2006
Published online 2 November 2006

PACS 61.72.Nn, 71.35.—y, 78.55.Hx

We prepared the film and bulk specimens of chemically-pure pristine silver iodide and their crystal struc-
tures were investigated by the x-ray diffraction method. The photoluminescence properties of these
specimens were measured at different temperatures under different excitation powers. The luminescence
due to the radiative decay of free exciton is observed at about 2.936 eV. Several specimen-dependent lu-
minescence components (which increase sublinearly in intensity with increasing excitation power) are
also observed and they are discussed in the light of the x-ray diffraction data.

phys. stat. sol. (c) 3, No. 10, 3586-3591 (2006) / DOI 10.1002/pssc.200672144




phys. stat. sol. (¢) 3, No. 10, 35863591 (2006) / DOI 10.1002/pssc.200672144

Excitons in pristine silver iodide crystals

Shosuke Mochizuki’ and Fumito Fujishiro

Department of Physics, College of Humanities and Sciences, Nihon University, 3-25-40 Sakurajosui,
Setagaya-ku, Tokyo 156-8550, Japan

Received 7 June 2006, revised 14 July 2006, accepted 17 July 2006
Published online 2 November 2006

PACS 61.72.Nn, 71.35.-y, 78.55.Hx

We prepared the film and bulk specimens of chemically-pure pristine silver iodide and their crystal struc-
tures were investigated by the x-ray diffraction method. The photoluminescence properties of these
specimens were measured at different temperatures under different excitation powers. The luminescence
due to the radiative decay of free exciton is observed at about 2.936 eV. Several specimen-dependent lu-
minescence components (which increase sublinearly in intensity with increasing excitation power) are
also observed and they are discussed in the light of the x-ray diffraction data.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Silver iodide (Agl) crystal has three phases designated as o, B and y at normal pres-
sure in the order of decreasing temperature [1], and it is a well-known superionic conductor and a solid-
battery material. It is known that the dispersion of oxide fine particles into Agl enhances considerably
the ionic conductivity [2, 3]. A special basic problem about the Agl-based composites is raised. What are
the atomic and electronic structures of the Agl/oxide particle interfaces? Since constituent material Agl
shows clear exciton spectra even above room temperature [4] and the spectra are very sensitive to the
environment in which excitons are moving, the optical spectra due to excitons may provide useful infor-
mation about the structure of the Agl/oxide particle interfaces [3]. However, the information on the
structural and optical-spectral characteristics of pristine Agl remains somewhat fragmentary. Cardona [5]
reported the optical absorption spectra of y- and BAgl films. As seen from his spectrum (Fig. 1), the
spectrum of YAgl film contains the spectral component of BAgl, and therefore the detailed structure near
absorption edge of Agl remains to be clarified. Mochizuki and Ohta [4] measured the optical absorption
and photoluminescence (PL) spectra of Agl films at different temperatures from 7 K, through the superi-
onic phase transition point (419 K), to 472 K, for the first time. The observed low-temperature exciton
spectra were still affected by crystal defects and impurities. To date, the detailed optical study on the
well-characterised y- and BAgl crystals has been not reported. Although BAgl crystal can be easily
grown from a saturated solution, the crystal displays very complicated PL spectra. Very recently, we
fabricated purer Agl crystals by the Agl-I, composite technique and the melt-growth one, and studied
both their crystal structures and their PL properties. In the present paper, we report the results and clarify
the exciton nature of pristine Agl, taking account of their structural properties.

2 Experimental Agl powder of 99.999 % purity was produced by Alpha Aesar (U. S. A). Detected
impurities are B (1 ppm) and Si (4 ppm). The Agl powder was evaporated onto a low-temperature opti-
cally-flat sapphire substrate (R-cut) in vacuum to grow an Agl-I, composite film, and the film was an-
nealed at room temperature. The detail of the film fabrication has been reported previously [6]. Two
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types of bulk Agl crystals were prepared as follows. The powder was fully melted in a lidded alumina
crucible at 873 K for 12 h. The melt was cooled by the rapidly-cooling method with a twin roller. The
cooling speed was approximately 100 K/s. We call this specimen ‘the rapidly-cooled Agl’. Another
cooling method was also used. The melt was naturally cooled to room temperature in a furnace. We call
this specimen ‘the naturally-cooled Agl’. The obtained crystals were characterized by a conventional x-
ray diffraction (XRD) method using a Cu Ko, radiation. The PL spectra were measured by an optical
multi-channel analyser consisting of a grating monochromator (focal length = 32 cm) and an intensified
diode-array detector (gate time > 5 ns). A Q-switched Nd*'~YAG laser (A = 355 nm, pulse width < 5 ns,
repetition frequency = 10 Hz) was used as an excitation source. The PL excitation spectra were also
measured by varying the excitation-light wavelength. A closed-cycle helium refrigerator equipped with a
temperature controller was used for changing specimen temperature between 10 and 300 K.

3 Results and discussion Figures 1(a) and (b) show the room-temperature XRD patterns of the natu-
rally-cooled Agl and rapidly-cooled one, respectively. All of the diffraction lines observed for the rap-
idly-cooled Agl are assigned to those of the hexagonal Agl (BAgl). As seen in these figures, the XRD
pattern of the naturally-cooled Agl differs from that of the rapidly-cooled one. The (h0/) lines related to
the hexagonal stacking are weaken and broadened, which indicates the stacking disorder in the BAgl
structure. It is also noted that extra diffractions appear between 38 and 48 degrees, creating a broad back-
ground band. Several periodically-stacking faults (for example, 4H, 7H, 8H, 12H, 16H, 80H polytypes)
of Agl were reported [7] for BAgl. The wurtzite structure of BAgl (2H) and zincblende structure of the
metastable yAgl (3C) differ in the stacking sequence, and they can be regarded as different polytypes.

(@) (b)

p(110), y(220)

B(002), y(111)

B(100)

B(110), y(220)
Intensity (arb. scale)

Intensity (arb. scale)

B(112), y(311)

B(100)

20 30 50 60 20 30 50 60

40 40
20 (degrees) 20 (degrees)

Fig. 1  X-ray diffraction patterns: (a) the naturally-cooled Agl and (b) rapidly-cooled one.

So-called yAgl film displays almost the same XRD pattern observed for the naturally-cooled Agl, except
for weak B(100) line. Real yAgl film contains more or less stacking disorder, exhibiting traces of the
B(100) line and the extra diffractions between 38 and 48 degrees. It is said that y phase is stabilized by
nonstoichiometry and strain due to a difference in the thermal expansion coefficients between the Agl
film and substrate. The naturally-cooled Agl is thin reddish, suggesting iodine deficiency, while the
rapidly-cooled Agl is thin yellowish. The naturally-cooled Agl is more iodine-deficient than the rapidly-
cooled one, becoming reddish, since the former Agl was heated at high temperature for longer time
(about 10 h) than the latter one. This view agrees with the known result that a silver-rich Agl solution
crystallizes in the y phase. Anyway, the naturally-cooled Agl should be designated as yAgl.

WWW.pss-c.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



3588 S. Mochizuki and F. Fujishiro: Excitons in pristine silver iodide crystals

We show first the optical spectra of different Agl films and look over the exciton structure of Agl.
Figures 2(a), (b) and (c) show the optical density and PL spectra of three different Agl films at about 12
K. The three films were evaporated on the sapphire substrates of different substrate temperatures 75: (a)
T, =200 K, (b) 7y3= 109 K and (c) 7Ty = 300 K. The spectra shown in Fig. 2(a) correspond to the wurtzite
phase (BAgl). Near the band edge of Agl, sharp W;- and W, exciton absorption bands, and a very sharp
luminescence band due to the radiative decay of the W, exciton, appear. With introducing stacking dis-
order, the W,- and W, exciton bands become broaden as shown in Fig. 2(b). With further introducing
stacking disorder, several polytype-structure-related H; (j = 1, 2) and H’; (j = 1, 2) exciton absorptions,
and two Z, and Z, exciton absorptions [8] also appear, as shown in Fig. 2(c). It is also noted that, with
introducing stacking disorder, new luminescence bands, G; and G,, appear, merging with the W, exciton
band. The G; and G, luminescence bands may be assigned to the radiative decays of excitons trapped at
different stacking faults. As discussed previously [6, 8], three types of the spectral structures shown here
may arise mainly from iodine deficiency and/or thermal strain.

PL intensity, OD

35 3.0 25 35 3.0 25 3.5 3.0 2.5
Photon energy (eV)

Fig. 2 Optical spectra of different Agl films at about 12 K.

Figure 3 shows the PL spectra of the naturally-cooled Agl bulk at different temperatures between 9
and 288 K. The PL spectra at different temperatures above 178 K are also shown in the inset.
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Fig.3 Photoluminescence spectra of the naturally-cooled Agl at different temperatures.
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The PL spectrum at 9 K is characterized by an intense luminescence centred at 2.936 eV. This lumines-
cence is on a skirt extending up to about 3.1 eV, and it is also accompanied by several shoulder compo-
nents. The peak energy of 2.936 eV is higher than the Z,, exciton energy (2.919 eV) determined from
the optical absorption spectrum of yAgl (zincblende structure). The peak energy is close to the Z; exciton
energy and W, exciton one determined from the optical absorption and reflection spectra [4—6, 8, 9].
With increasing temperature, the free exciton luminescence decreases in intensity, shifting toward 2.938
eV. With further increasing temperature above 78 K, the centre energy begins to red-shift and then it
attains 2.907 eV at 288 K. This energy is very close to the optical absorption peak energy of yAgl film at
4 K [4, 6]. Through the PL excitation measurements, it is found that the PL components below 2.9 eV
follow the free exciton formation. This suggests that the naturally-cooled Agl contains several kinds of
shallow exciton traps.

Figure 4 shows the PL spectra of the naturally-cooled Agl at 9 K under different excitation powers. In
the inset, the spectra obtained under /, and 0.0057/, are shown. The maximum power /; is 50 pJ (~0.7
mJ/cm?®). The PL intensity at 2.936 eV increases linearly with increasing excitation intensity up to 0.81,
while the PL components below 2.9 eV increase sublinearly in intensity. In the inset, after rescaling, the
PL spectrum under the maximum excitation power is compared with that under the minimum one. This
indicates that the PL components below 2.9 eV arise from finite number of luminescence centres (for
example, crystal defects and residual impurities). On further increasing excitation power from 0.81, the
PL intensity at 2.936 eV has become superlinearly increased and narrowed in spectral shape. In general,
a superlinearly-dependent exciton luminescence is explained by the stimulated emission due to the exci-
ton-exciton collision process [10, 11] or by the amplified spontaneous emission (so-called ASE), as re-
ported for PbS films [12] and polymer film [13]. Since the observed lower-energy shift is too small to
explain the result by such exciton-exciton collision process, both the observed superlinear dependence
and the observed spectral narrowing may be assigned to the amplified spontaneous emission process.
The threshold pump intensity is estimated to be about 0.57 mJ/cm®. The skirt extending up to 3.1 eV
remains even at the highest photoexcitation and it may be ascribed to the bound exciton background due
to crystal imperfections (for example, stacking faults) or several combinations of exciton and phonons.
The LO and TO phonon energies of Agl are 15.4 and 13.2 meV, respectively [14]. In particular, the
higher energy portion of the skirt overlaps in energy of the W, exciton absorption, polytype-related exci-
ton absorptions [6, 8] and Z, exciton absorption. Therefore, the higher energy portion (of which intensity
is decreased by reabsorptions) may consist of several kinds of free-exciton luminescence components
and it may be assigned to the radiative decays of these excitons. We carried out also the time-resolved
PL measurements.
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Fig. 4 Photoluminescence spectra of the naturally-cooled Agl at 9 K under different excitation powers.
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It is found that the free exciton luminescence decays within several nanoseconds, while the PL compo-
nents below 2.9 eV remain after 30 ns. This suggests that the PL. components below 2.9 eV arise from
excitons trapped at crystal defects or/and impurities.

Figure 5 shows the PL spectra of the rapidly-cooled Agl (BAgl) at different temperatures. A sharp lu-
minescence appears at 2.930 eV, which is slightly lower than that of the naturally-cooled Agl. With
increasing temperature up to 118 K, the luminescence decreases in intensity and it shifts slightly toward
2.937 eV and, on further increasing temperature, the luminescence begins to red-shift, which suggests a
coexistence of the heavy-hole exciton and light-hole one.
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Fig.5 Photoluminescence spectra of the rapidly-cooled Agl at different temperatures

Like as the naturally-cooled Agl, the sharp luminescence is accompanied by several PL components
below 2.9 eV. With further increasing temperature, the PL components also decrease in intensity. Unlike
the naturally-cooled Agl, a broad luminescence appears at 2.35 eV. Through the PL excitation meas-
urements, it is found that all the PL components below 2.9 eV follow the free exciton formation. This
suggests that the rapidly-cooled Agl contains deeply exciton traps due to excessively high cooling rate.
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Fig. 6 Photoluminescence spectra of the rapidly-cooled Agl at 8 K under different excitation power.
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Figure 6 shows the PL spectra of the rapidly-cooled Agl under different excitation powers at 8 K. The
maximum intensity Z, is 50 pJ (~0.7 mJ/cm?). The 2.931 eV peak intensity increases linearly with in-
creasing excitation power up to 0.7/, and, on further increasing excitation power, it becomes to increase
superlinearly, which suggests the onset of an amplified spontaneous emission. On the other hand, the PL
components below 2.9 eV increase sublinearly with increasing excitation power. Like as the naturally-
cooled Agl, the result indicates that the PL components below 2.9 eV arise from finite number of lumi-
nescence centres (crystal defects and impurities). It is noted that the PL spectra are almost independent of
the cooling rate, though their crystal structure and absorption spectra differ each other. We carried out
also the time-resolved PL measurements at 8 K for the rapidly-cooled Agl. It is found that the PL com-
ponents above 2.8 eV disappear within several nanoseconds, while the 2.35 eV luminescence remains
after 20 ns.

In conclusion, we prepared different chemically-pure film- and bulk Agl specimens and we have stud-
ied their structures and optical properties. The followings are found.

(i) Depending on the preparation methods, Agl crystallizes in a wurtzite structure (BAgl) or zincblende-
like one (yAgl) which is stabilized by stacking faults, leading to several kinds of polytype structures.

(i1) The spectral structures of optical absorption and the photoluminescence properties (temperature- and
excitation-power dependencies of the photoluminescence spectra) clarify the intrinsic exciton nature and
crystal-defect-induced exciton one in real Agl specimens. The stacking faults lead to the splitting of the
degenerated Z,, exciton state and the creation of new polytype-structure-related H; and H’; exciton
states.

(iii) The enhanced luminescence and spectral narrowing have been observed at high excitation powers
(> 0.56 mJ/cm?) for the Agl bulk crystals. It can be explained by the amplified spontaneous emission
process.

Finally, we would like to draw an attention to similar splitting of the Z, , exciton state for Agl micro-
crystal [15]. One of the causes for the Z,, splitting in Agl microcrystal is some crystal-field change at
the crystallite surfaces. The iodine deficiency may affect on the crystal structure (namely, crystal filed
around Ag’ ion) of Agl, as discussed in the present paper.
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We fabricated (x)Agl—(1—x)SrTiO; fine particle composites over a wide composition range of 0—100 mol
% Agl. It is found that the dispersion of SrTiO; fine particles enhances the ionic conductivity and
(0.6)AgI~(0.4)SrTiO; has the highest ionic conductivity (1.68 x 10* S/cm which is two hundreds times in
comparison with that of pristine Agl), for the first time. In order to clarify such ionic conductivity en-
hanced by dispersing SrTiOs fine particles into Agl, the photoluminescence measurements were carried
out at different temperatures between 10 K and room temperature under different photoexcitation intensi-
ties, together with the structural and morphological studies (X-ray diffractometry, scanning electron mi-
croscopy and energy dispersive X-ray fluorescence spectroscopy). The spectra consist of free exciton lu-
minescence band and several broad luminescence bands due to the excitons trapped at crystal defects and
residual impurities. The free exciton luminescence band almost disappears at x = 0.6, which may suggest
the existence of considerable number of non-radiative traps (crystal defects) at the Agl/SrTiO; particle in-
terfaces. Such crystal defects may act as ionic pathways. The structural and morphological studies con-
firm the randomly-stacked yAgl/BAgl heterostructures at the Agl/SrTiOj; particle interfaces.
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We fabricated (x)Agl—(1-x)SrTiO; fine particle composites over a wide composition range of 0—100 mol
% Agl. It is found that the dispersion of SrTiO; fine particles enhances the ionic conductivity and
(0.6)AgI—(0.4)SrTiO; has the highest ionic conductivity (1.68 x 10* S/cm which is two hundreds times in
comparison with that of pristine Agl), for the first time. In order to clarify such ionic conductivity en-
hanced by dispersing SrTiO; fine particles into Agl, the photoluminescence measurements were carried
out at different temperatures between 10 K and room temperature under different photoexcitation intensi-
ties, together with the structural and morphological studies (X-ray diffractometry, scanning electron mi-
croscopy and energy dispersive X-ray fluorescence spectroscopy). The spectra consist of free exciton lu-
minescence band and several broad luminescence bands due to the excitons trapped at crystal defects and
residual impurities. The free exciton luminescence band almost disappears at x = 0.6, which may suggest
the existence of considerable number of non-radiative traps (crystal defects) at the Agl/SrTiO; particle in-
terfaces. Such crystal defects may act as ionic pathways. The structural and morphological studies con-
firm the randomly-stacked yAgl/BAgl heterostructures at the Agl/SrTiOj; particle interfaces.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction It is known that a dispersion of oxide fine particles into silver iodide (Agl) (which is
well known as a typical superionic conductor) enhances considerably its ionic conductivity at room tem-
perature by several orders of magnitude, in comparison with that of pristine Agl. Theoretically, in the
composites, cations (which are the component of the ionic crystal) are adsorbed at the oxide surfaces,
creating the space charge layer at the ionic conductor/oxide particle interfaces and enhancing the electri-
cal conductivity and, moreover, the smaller particle enhances more ionic conductivity and the oxide
having the higher dielectric constant does also [1]. To date, many studies on the conductivity enhance-
ment have been reported for Agl-based composites. In particular, Agl—-yAl,O; composites were widely
investigated. A polytype structure and stacking disorder in the Agl domain were confirmed by X-ray
diffraction (XRD) and differential scanning calorimetry, which also accounts for the observed electrical
properties of the composites [2]. A special basic problem about Agl-based composites is raised. What are
the atomic and electronic structures of the Agl/oxide particle interfaces? Fortunately, constituent material
Agl shows clear optical absorption and photoluminescence (PL) spectra due to excitons even at room
temperature [3—5]. Moreover the exciton behaviour is very sensitive to the environments in which exci-
tons are moving, and therefore the exciton spectra may provide useful information about the microscopic
structure at the Agl/oxide particle interfaces. Previously, we fabricated several kinds of Agl-oxide fine
particle composites and observed considerable conductivity enhancement. In addition to measurements
of the XRD patterns and electrical conductivities, we measured the optical spectra due to excitons and
discussed the pathway for the mobile Ag" ion (for example, Agl-anatase TiO, composites [6]). Inciden-
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tally, strontium titanate (SrTiOs;) is known as the quantum paraelectrics [7] and has a high dielectric
constant (300) at room temperature. In addition, SrTiO; particles tend to contain oxygen defects (a point
defect as an oxygen vacancy and a complex defect represented as the Ti’—oxygen vacancy—Ti'") and
show a catalysis. Therefore, the dispersion of SrTiO; particles into Agl may easily affect the electronic
and atomic structure at/near the Agl/SrTiO; particle interfaces and hence we can anticipate a large con-
ductivity enhancement for the Agl-SrTiO; fine particle composites.

In present paper, we show the results of the structural, electrical and optical measurements for the
Agl-SrTiO; composites and discuss the structure and exciton behaviour based on the data obtained.

2 Experimental The Agl-SrTiO; composites, (x)Agl—(1-x)SrTiO;, were prepared by fully mixing
Agl powder (Alfa Aesar, 99.999%) with SrTiO; nanoparticles (Aldrich, 99.5%) in air. The mixture was
uniaxially compressed under 0.2 GPa for 30 minutes at room temperature to fabricate pellets, and then
the pellets were heated in the lidded crucible at 673 K for 12 h in air. The pristine SrTiO; (x = 0) and
pristine Agl (x = 1) pellets were prepared by the same method.

The composites were characterized at 295 K by XRD analysis with Cu Ka, radiation. The morphol-
ogy of the composites was analyzed by using a scanning electron microscope (SEM). Distribution maps
of Ag, I, Sr, Ti and O atoms in the composites were obtained by means of a SEM with an energy disper-
sive X-ray (EDX) fluorescence spectrophotometer. The electrical conductivity was measured by using
the complex impedance method with silver electrodes evaporated onto both sides of the pellets. The PL
spectra were measured by an optical multi-channel analyzer consisting of a grating monochromator (fo-
cal length = 32 ¢cm) and an image-intensified diode-array detector (gate time > 5 ns). A CW He—Cd laser
(A=1325nm) and a Nd’":YAG laser (1= 355 nm, pulse width < 5 ns, repetition frequency = 10 Hz) were
used as the excitation source. A closed cycle helium-gas refrigerator equipped with a temperature con-
troller was used for changing specimen temperature between 10 K and 288 K.

3 Results and discussion The electrical conductivity variation against Agl content is shown in Fig.
1. There is the conductivity enhancement, which shows a maximum (about 1.68 x 10 S/cm) at x = 0.6.
Since the conductivity for pristine Agl (x = 1) is about 8.04 x 10~ S/cm, the conductivity at x = 0.6 is
enhanced about two hundreds times in comparison with that of pristine Agl.
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Fig.1 Electrical conductivity for different (x)Agl—(1-x)SrTiO; composites at room temperature.

This conductivity enhancement may be caused by Ag" ion conduction through the randomly-stacked
vAgl/BAgl heterogeneity at/mear the Agl/SrTiO; particle interfacial region [8]. However, (0.1)Agl—
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(0.9)SrTiO; shows the conductivity decrease. Since SrTiOj; is an electronic conductor, dopant Agl is
thought to be an electronic-carrier scattering centre.

We performed observations of the fractured surfaces of (x)Agl—(1-x)SrTiO; composites with a SEM
attached with an EDX fluorescence analyser. The low- and high-resolution-SEM images of the (0.6)Agl—
(0.4)SrTiO; are shown in Figs. 2(a) and (b), respectively, as typical results.

» s

—_ : 5.00 p‘mw #

Fig.2 Scanning electron microscope images of the (0.6)Agl—(0.4)SrTiOs: (a) low- and (b) high resolution.

Rough-face blocks, smooth-face them and voids are seen in these figures. The rough-face blocks con-
tain fine particles which aggregate to make larger domain. From the EDX measurement, we found that
Agl and SrTiO; fine particles distributed uniformly over both the rough-face blocks and smooth-face
them. This indicates that the rough-face blocks are the fractured surfaces of the smooth-face blocks, and
SrTiO; particles are densely packed within the large Agl blocks, which makes the three-dimensionally
networks, as the Agl—anatase TiO, composites [6].

Figures 3(a) and (b) show the XRD patterns for different (x)Agl—(1-x)SrTiO; composites at 295 K.
All XRD patterns in Fig. 3(a) are normalized in intensity.
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Fig. 3 X-ray diffraction patterns at 295 K: (a) for different (x)Agl—(1-x)SrTiO; composites and (b) of the
(0.6)Agl—(0.4)SrTiOs.
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It is found that the full width at half maximum of the diffraction lines due to SrTiO; hardly changes
with increasing Agl contents, which indicates that the average size of SrTiO; particles is not changed in
the composites. Pristine Agl shows clear lines due to BAgl (wurtzite structure), and with decreasing x,
the (h0/) lines due to the stacking sequence of the hexagonal BAgl are weakened in intensity and wid-
ened. In small x region, the diffraction lines related to Agl become yAgl-like them. The diffraction pro-
file is similar to that of Type II Agl crystal reported by Lee et al. [9]. Thus, it is found that, with increas-
ing SrTiO; content, an amount of yAgl component increases and some stacking faults of BAgI are cre-
ated, in addition to the preferential orientation of the crystallites. It is also noted that a broad background
(which is shown by a dotted curve ranging from 27 to 52 degrees) grows in middle x region, as shown
for (0.6)Agl—(0.4)SrTiO; in Fig. 3(b). Unlike to the present Agl-SrTiO; composites, several diffraction
lines related to the 7H-polytype Agl were clearly observed for Agl—yAl,O; composites [2] in the same
26 range. The 7TH-Agl is partially composed of the stacking sequence of y- and BAgI [10]. Although the
XRD pattern does not give the information about the microstructure at the interfaces but about the mac-
roscopically-averaged structure, we can assume that the amorphous like Agl domain and stacking disor-
dered Agl one exist in the Agl/SrTiO; particle interfacial region. Such stacking disorder may induce
some randomly stacked heterogeneities consisting of BAgI crystallites and yAgl them, creating ionic
pathways.

Figure 4 shows the PL spectra for different (x)Agl—(1-x)SrTiO; composites at 10 K. The specimens
were excited with a 325 nm laser light (intensity is 0.3 W/cm?). All curves in this figure are normalized
at the each peak intensity. The rescaling factor is given by each curve.
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Fig. 4 Photoluminescence spectra for different (x)Agl—(1-x)SrTiO; composites at 10 K.

As seen from this figure, the sharp free exciton (FE) luminescence band due to the wurtzite phase Agl
appears at about 2.94 eV for pristine Agl. A broad luminescence band is also observed at 2.78 eV and it
may be assigned to the radiative decay of excitons trapped at crystal defects, because most of the pristine
Agl bulk specimens show specimen-dependent luminescence components in energies between 2.9 and
2.6 eV [4, 11]. With adding SrTiO; particles of 20 mol % (x = 0.8), the FE luminescence intensity de-
creases considerably. The broad luminescence band shifts toward lower energy side, enhancing intensity,
and at least two shoulders are observed at the high energy side between 2.94 and 2.82 eV. At x = 0.6 (this
composite has a maximum ionic conductivity), the FE luminescence band almost disappears and a new
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band begins to appear at 2.34 eV. The depression of the FE luminescence suggests a creation of the non-
radiative traps at/near the Agl/SrTiO; particle interfaces. A candidate for the non-radiative traps is an
amorphous structure. Possible amorphous structure is the randomly-stacked yAgl/BAgl heterostructures
which is already shown in the XRD components ranging from 27 to 52 degrees (Fig. 3(b)). On the other
hand, since the luminescence intensity at 2.34 eV is higher than that of pristine SrTiO; (note the re-
scaling factor), the origin of the luminescence band may be related to the Agl/SrTiOs particle interfaces.
With further adding SrTiO; particles, a new luminescence band appears at 2.92 eV (see the spectra of x =
0.4 and 0.2). For pristine SrTiOs, the luminescence components centred at about 2.29 and 2.49 eV are
assigned to oxygen defect structures, for example (Ti*'—oxygen vacancy—Ti’") complex. Another lumi-
nescence band is seen around 1.95 eV at x = 0.4 and 0.2. Since this luminescence band is not observed
for pristine Agl and pristine SrTiOs, it is also assigned to the radiative decay of the exciton trapped at the
Agl/SrTiO; particle interfaces.

We measured the PL spectra for different (x)Agl—(1-x)SrTiO; composites under more intense pulsed
355 nm laser light at different temperatures between 10 and 288 K. PL spectra at 10 K are shown in Fig.
5. Solid curves are the spectra measured under laser intensity of 0.5 mJ/cm® (~10° W/em?®) and dotted
curves are the spectra measured by attenuating the laser light intensity.
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Fig. 5 Photoluminescence spectra for different (x)Agl—(1-x)SrTiO3; composites at 10 K.

As shown in this figure, the FE luminescence (dotted curve) of pristine Agl is considerably broadened
and redshifted to 2.92 eV, with increasing laser intensity. The energy spacing between the FE lumines-
cence peak energy (2.94 eV) and the broad luminescence band peak energy (2.92 eV) is about 20 meV,
suggesting the exciton—exciton scattering to higher exciton states or inelastic scattering from the heavy-
hole exciton state to light-hole exciton one. Although the detailed exciton structure has not been clarified
at the present, a probable energy spacing between n = 1 and n = 2 excitons can be thus estimated 20
meV. On the other hand, all composites specimens (except for pristine Agl and pristine SrTiO;) exhibit
the luminescence components (which tend to saturate under higher laser intensity) between 2.92 and 2.70
eV. Therefore, it indicates that the luminescence centres responsible for these lower-energy lumines-
cence components are limited in number and they arise from the radiative decay of trapped excitons at
the Agl/SrTiO; particle interfaces.
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We summarize the structural, electrical and PL studies on the Agl-SrTiO; composites, as follows. The
dispersion of SrTiO; fine particles into Agl creates the randomly-stacked yAgl/BAgl heterostructures in
the hexagonal BAgl and also the Ag” ion adions on SrTiOs particle surfaces, enhancing Ag" ion conduc-
tivity. Incidentally, it is known that an Ag" ion-rich Agl solution crystallizes yAgl, while an Ag" ion
deficient one does so PBAgl. Therefore, the randomly-stacked yAgI/BAgl heterostructures and other
amorphous-like structures may be created at the interfacial region, providing the Ag" ion conduction
pathway. It is generally known that the ionic conductivity of an amorphous phase is higher than that of a
crystalline phase, because of the large free volume for the ionic migration. Hence, the Agl-StTiO; com-
posites showing a higher ionic conductivity may contain a larger amount of the randomly-stacked
vAgl/BAgl heterostructures and amorphous-like structures which act as the non-radiative traps for Agl
free exciton. This is a reason why (0.6)Agl—(0.4)SrTiO; (which has the maximum conductivity) hardly
shows FE luminescence.
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Abstract

In order to clarify the mechanism of the photoluminescence (PL) and other photo-induced effects observed for Verneuil-grown SrTiO;
crystal, a nominally pure dark-blue as-grown crystal, which has high DC conductivity (¢ ~ 107> Q' ecm™!) and high dielectric constant
(¢>10°% at 1kHz) at room temperature, was prepared and annealed at 973K in a 90% Ar—10% H, mixture gas stream. The optical
density (OD) and PL spectra were studied at the different stages of the annealing. In addition to the band gap absorption, at least eight
intense optical absorptions due to crystal defects are observed around about 2.9, 2.4, 2.2, 2.1, 1.7, 0.82 and 0.27¢eV for the as-grown
crystal. With progressing annealing, these absorptions became weak and the crystal became a colorless-transparent insulator. We have

found a reasonable connection between the OD spectra and the PL ones.

© 2006 Elsevier B.V. All rights reserved.

PACS: 78.55.—m; 78.40.—q; 61.72.—y

Keywords: Optical absorption; Photoluminescence; Raman scattering; Crystal defects

The optical properties of strontium titanate (SrTiOj3)
crystal have gained a lot of interest in recent years in
relation to photo-induced phenomena, for example, photo-
enhanced giant dielectric constant [1] and photolumines-
cence (PL). Up to present, most of the workers use the
single crystal grown by the Verneuil method, so-called
‘Verneuil-grown crystal’. The as-grown crystal (which is
dark blue) is usually annealed at high temperature in
reducing atmosphere. The fully annealed crystals are cut
into parallel plate, polished and supplied to workers as a
stoichiometric crystal (which is colorless transparent) from
different crystal manufacturing company. However, it is
well known that the Verneuil-grown crystal contains
chemical heterogeneity, different oxygen defects and many
dislocations with a density of approximately 10°cm™=2 [2,3].
One has to notice also about the purity of the starting
material SrTiO; powder being at most 99.99%. Main
optical- and electrical-active impurity is known to be iron.
Although the greenish white PL band centered at 2.4¢eV is

*Corresponding author. Tel./fax: +81353179771.
E-mail address: motizuki@physics.chs.nihon-u.ac.jp (S. Mochizuki).

0921-4526/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.physb.2005.12.204

well-known for low-temperature SrTiOj crystal and it is
discussed in connection with the suppression of ferro-
electric instability by quantum fluctuation [1]. However, an
intense white luminescence has been observed even at room
temperature for amorphous SrTiO; [4] and nanocrystal
SrTiO5 [5]. Incidentally, the PL intensity of the Verneuil-
grown crystal is specimen-dependent. Recently, we have
studied the PL properties of the dark-blue as-grown and
colorless transparent SrTiO5 crystals [6]. In addition to the
white luminescence band around 2.4¢eV, we found a broad
band around 2.9eV, which displays a faint-blue lumines-
cence, and a near-band-edge (NBE) emission at 3.2eV at
low temperatures under intense photoexcitation, which are
considerably enhanced for the as-grown crystal. It is an
important problem whether the luminescence bands at 2.4,
2.9 and 3.2eV arise from intrinsic nature or not? In order
to clarify it, we have systematically studied both the optical
density (OD) and PL spectra at different stages of
annealing as-grown crystal.

A dark-blue Verneuil-grown SrTiOs single-crystal
boule was cut into parallel plates with a size of
10mm x 10mm x 0.5mm in thickness. After polishing
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their surfaces to optical flat ones, the as-grown plate was
annealed at 973 K in a 10% H,-90% Ar mixture gas during
desired time. The as-grown crystal has high DC conduc-
tivity (6 ~10°Q 'em™!) and high dielectric constant
(¢>10° at 1kHz) at room temperature. With progressive
annealing, the crystal becomes colorless transparent
insulator (6>10"8Q'em™! and & ~ 300). The OD spec-
trum measurements were first performed at room tempera-
ture on the crystal recovered from different stages of
annealing. The results are shown in Fig. 1. The annealing
time (Z,,) is given by each curve. As seen in this figure, the
as-grown crystal shows an intense background absorption
which increases gradually toward infrared (IR) region. As
superposing on the background absorption, there appear
several absorption peaks around about 2.9, 2.4, 2.2, 2.1,
1.7, 0.82eV and un-resolved absorptions in the energy
regions between 3.1 and 2.6eV, and between 1.9 and
1.2¢eV. The sharp OD increase at photon energies larger
than 3.1e¢V is due to the band-gap absorption onset
(3.2eV) of cubic SrTiO3. With progressive annealing, the
absorption around 0.82eV disappears rapidly and the
absorptions around 2.15 and 2.08 eV were merged in the
broad absorption band around about 1.7¢V, decreasing
the background absorption in intensity. It is noted that the
OD spectral change observed under annealing in a
reducing H,—Ar atmosphere progresses for the reverse of
that observed under annealing transparent crystal in a
vacuum [7]. As pointed out by Szot et al. [2,3], the thermal
reduction creates not only homogeneous crystal defects
(oxygen vacancies) but also non-Perovskite phases with the
Ruddlesden—Popper phases [(SrO)*(SrTiOs3),]. We have
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rl [7=294 K
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= [
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Fig. 1. Room temperature OD spectra of the as-grown and annealed
SrTiO; crystals.

measured also the OD spectra in the IR region, excepting
the as-grown crystal of which IR transmittance is too low
to measure the OD. Combining the IR spectra with the
UV-NIR spectra, the UV-IR OD spectra were obtained.
As a typical example, the OD spectra of the crystal
annealed for 11min and fully annealed (commercially
available) crystal are shown in Fig. 2. The spectrum for the
annealed crystal (¢,, = 11 min) is expanded as shown in the
inset. We can see clearly five absorption bands at photon
energies, 2.88, 2.36, 1.65, 0.27e¢V, and weak phonon
absorptions below 0.27eV. We have also measured the
OD spectra and electrical conductivity (o) of all the
specimens at different temperatures. With decreasing
temperature from room temperature to 6K, both the
background absorption intensity and ¢ decrease, and other
absorptions become sharpen. This indicates that the
background absorption is closely related to free carriers.
However, it is not explained by conventional free carrier
absorption, since the absorption has peaked at 0.27eV.
Similar absorption was also observed by heating the
transparent crystal in vacuum and it can be assigned to
the LO-phonon- or disorder-assisted intervalley scattering
between the two minima at the I' and X points [8]. This
interpretation is compatible with the present results. With
decreasing temperature, the fundamental absorption edge
shifts to higher energy side, and the 2.9, 2.4 and 1.6eV
absorption band shift also to their higher energy sides. The
similar absorptions were also observed between 2.8 and
1.8 ¢V for a stoichiometric SrTiO5 crystal by Szot et al [3].
It is also noted that several PL bands were observed for the
transparent SrTiO; crystal in this photon energy region [6].
Wild et al. [9] studied pure and iron-doped SrTiOj; crystals
and found the optical absorptions at 2.92, 2.4, 2.1 and
1.6eV, and NIR absorptions in these crystals. They
assigned the 2.92eV absorption and 2.1eV one to the
optical transition from the Fe** donor to the conduction
band and the Fe®"—oxygen vacancy complex state to the
conduction band, respectively. They also assigned the 2.4
and 1.6eV absorptions to crystal defects proper to SrTiOs.
Faughnan [10] identified the 2.9eV peak as an absorption

11 min
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Fig. 2. Room temperature UV-IR OD spectra of SrTiOj; crystal annealed
for 11 min and fully annealed crystal. The spectrum of the annealed crystal
for 11 min is expanded in the inset. The specimen thickness is 0.5 mm.
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by a Fe*' ion in a cubic site, using the electron
paramagnetic resonance technique.

We have measured the PL spectra, PL excitation spectra
and time-resolved PL spectra of the crystal as functions of
t;;, excitation laser fluence (I,) and temperature. With
progressing t;., the PL intensity and the luminescence decay
time (74) increase. The spectral shape observed for the as-
grown and annealed crystals is similar to that observed for
the fully annealed crystal which is commercially available
[6]. As a typical result, the PL spectra are shown in Fig. 3.
The measurements were carried out at 10K with
I« ~ 1mJecm™2. To see the spectral change clearly, each
spectrum is appropriately rescaled in this figure. Each
rescaling factor is given by each curve. As seen in this
figure, the as-grown crystal shows at least three PL bands.
The first one is a sharp band around 3.22 eV which is close
to the band edge energy (3.27¢V) of SrTiO;. We call this
band ‘NBE luminescence band’. The second one is a broad-
and weak-background band extending from 3.2 to 2eV. A
faint peak is seen at 3.11eV in the weak broad band.
Although there are some structures in this band, we call
tentatively this band ‘A luminescence band’. The third one
is an intense broad band around 2.45eV. We call this band
‘B luminescence band’. The A and B luminescence peak
energies correspond well to the OD peak ones shown in
Fig. 1. This suggests that the luminescence centers
responsible for the A and B luminescence bands originate
from crystal defects. Since any Iluminescence is not
observed below 1.8eV, the defects giving the OD peaks
at 1.67, 0.82 and 0.27¢V do not act directly as lumines-
cence center. With progressive annealing, all the lumines-

I~ 1 mJ/em?,T= 10 K
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o
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>
= 11 min X225
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32 3.0 2.8 2.6 2.4 2.2 2.0 1.8
Photon energy (eV)

Fig. 3. PL Spectra of the as-grown and different annealed SrTiO; crystals.

cence bands increase in intensity. In particular, the B
luminescence increase is prominent, while the NBE
luminescence intensity is almost independent of annealing.
This indicates that non-radiative trap for the B lumines-
cence decreases in number with increasing f;,. The spectrum
of the crystal annealed for 3min is somewhat different
from others. The spectrum is dominated by the A
luminescence (which may be seen as faint blue lumines-
cence), merging the NBE and B luminescence bands into
this band.

We have measured also the PL spectra of the as-grown
and different annealed crystals, at about 10K under
different I... As typical examples, the results for the as-
grown crystal and the crystal annealed for 11 min are
shown in Fig. 4. With increasing I, the PL intensity of the
B luminescence increases for all the specimens. The B
luminescence intensity of the as-grown crystal attains a
maximum at about 1 mJcem™2, while all of the annealed
crystals show their PL intensity maxima at about
4mJcm 2, like the case for the colorless transparent crystal
[6]. On I, further increasing, the B luminescence intensity
decreases monotonically, while both the NBE luminescence
band and the A luminescence one continue to grow,
without any saturation. This indicates that the NBE
luminescence and the A one arise from a great number of
crystal defects. Different types of crystal imperfections
should be considered for real SrTiO; crystal: for example,
surface textures, chemical heterogeneity (for example,
Ruddlesden—Popper phases), dislocations, Ti®"—oxygen
vacancy complexes and oxygen point defects. In the
Ti’ " —oxygen vacancy complex, Ti’" ion is one of the

81 10.16 mJ/em? (x 1)
6 -

& 0.95ml/cm? (x 20)
ab 0.25 mJ/ecm? (x 20) 0.03 mJ/cm? (x 20)

PL intensity (arb. units)

1
32 3.0 2.8 2.6 2.4 22 2.0 1.8
Photon energy (eV)

Fig. 4. Excitation-intensity dependence of the PL of the as-grown and
annealed SrTiO; crystals for different times.
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candidate hole trap centers and the oxygen vacancy is one
of the candidate electron trap centers. When excitation
laser fluence is low, photo-generated electrons and holes at
a crystal surface drift inside the crystal, repeating trapping
at some shallow levels and releasing from them, while holes
may be rapidly trapped at crystal defects. Incidentally, no
phenomena related to free holes has been not observed.
Accidental electron—hole recombination at the crystal
defects may create the B luminescence. When I increases,
photo-generated electrons become energetic and, therefore,
most of the electrons diffuse rapidly inside the crystal
(bulk), without recombining at surface. Therefore, the
luminescence from the surface region begins decreasing in
intensity at a given laser fluence. This may be a reason why
the 2.4 eV luminescence intensity maximum is observed on
the laser fluence increasing. Generally, such crystal-defect
concentration at surface is higher than that inside the
crystal. The B luminescence from the inside of the crystal
may saturate in intensity with further increasing Iy.
Further information on the crystal defects inside the crystal
(bulk) may be deduced from the two-photon-excitation PL
measurement in the transparent photon energy region.
Since the annealing enhanced the B luminescence, some
kinds of crystal defects acted as non-radiative traps. The
defect structure of SrTiO; is hard to be optically
determined and, therefore, it is not clear which type of
defect structure acts as such traps. On the other hand, since
the NBE and the A luminescence never show any
saturation at intense photoexcitation (>10mJcm?), they
are hard to connect with the mechanism participating a
small number of iron impurity.

Finally, the room-temperature Raman-scattering spectra
at different stages of annecaling are shown in Fig. 5. The
intensity increase with progressing annealing is due to the
decolorization. In the inset, the spectra of the as-grown and
fully annealed crystal are compared after rescaling. As seen
below 40 cm ™", the defect-induced mode appears clearly as
a Rayleigh-scattering tail in the as-grown crystal.
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Fig. 5. Room-temperature Raman scattering spectra of SrTiO; crystal at
the different stages of annealing.
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Abstract

Different kinds of metal oxide (anatase, ZnO and SrTiO;) fine particles were dispersed in silver iodide (Agl). These composites exhibit
considerable electrical conductivity enhancement. When these composites are irradiated with a 325nm laser light in vacuum, their
photoluminescence spectra are changed. By irradiating with same laser light at room temperature in O, gas, the original spectral
structure reappears. The observed reversible phenomena are explained by some excitation energy transfer and taps at the interfaces
between Agl and oxide particles. Such reversible phenomena may yield materials for optical oxygen-partial-pressure sensors.
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1. Introduction

Recently, considerable attention has been devoted to
research for new materials to be used for optical sensor [1]
and photomemory. The interest in photoluminescent
materials showing photo-induced photoluminescence (PL)
spectral change at room temperature has significantly
grown. Hitherto, we have observed the photo-induced PL
spectral change on several metal oxides [2,3]. When metal
oxide is irradiated at room temperature with a continuous
wave (CW) 325nm laser light in a vacuum, a white
luminescence band appears and then it increases in
intensity with increasing irradiation time (f,). After
removing the laser light, the white PL state is recorded
for more than several years at room temperature under
room light, regardless of any changes of atmosphere. By
irradiating with the same laser light at room temperature in
O, gas, the original PL property reappears. The observed
spectral changes are explained by the photooxidation and
photoreduction on the oxide surfaces, which induce the
valence-number change, and annihilation or creation of
oxygen defects.

*Corresponding author. Tel./fax: +81353179771.
E-mail address: fumito@phys.chs.nihon-u.ac.jp (F. Fujishiro).

0921-4526/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.physb.2005.12.207

Till today, we have been studying the reversible photo-
induced PL spectral change in different oxides and
different composites, in order to find the material having
much superior photofunction. In the study, we have
observed, for the first time, the reversible photo-induced
PL spectral changes in several composites which consist of
silver iodide (Agl) and metal oxide fine particles. The
spectral change arises from some excitation energy transfer
from Agl to photo-generated crystal defect, at the
interfaces between Agl and oxide particle. In the present
paper, we summarize the recent results obtained in our
laboratory.

2. Experimental procedure

The Agl-oxide fine particle composites were prepared by
fully mixing Agl powder (purity >99.999%, Alfa Aesar)
and different kinds of metal oxide powder, SrTiO; nano-
sized powder (purity>99.5%, Aldrich), anatase powder
(an averaged diameter of 50nm, purity>99.9%, Wako)
and ZnO powder (averaged diameter 20nm, pur-
ity>95.0%, Wako), by compressing under 0.2 GPa for
30min to fabricate the pellets, and then the pellets were
heated at 673K for 12h in air. The photo-induced PL
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spectral change was measured by means of a CW He-Cd
laser (wavelength = 325nm) and an optical multichannel
analyzer. The specimens were set in a chamber connected
with an oil-free vacuum system, which is able to exchange
the atmosphere around the specimens at room tempera-
ture.

3. Results and discussion

Before the measurements on the photo-induced PL
spectral change, we studied the electrical conductivities
and the PL, PL excitation and time-resolved PL spectra at
different temperatures for some composites [4,5]. It is
found that (x)Agl-(I-x)anatase, (x)Agl-(1-x)ZnO
and (x)Agl—(1-x)SrTiO; composites display the electrical
conductivity (¢) maximum against the Agl contents,
0.4, 0.5 and 0.6, respectively. It is also found that
o of (0.4)Agl—(0.6)anatase, (0.5)Agl—0.5)ZnO and
(0.6)Agl—(0.4)SrTiO5 are enhanced by about three orders,
one order and two orders of magnitude in comparison with
that of pristine Agl, respectively. Possible causes of such
conductivity enhancement are thought to be the silver
vacancies and other crystal defects produced at the
Agl-oxide particle interfaces [6]. After fully irradiating
these composites with 325 nm laser light in O, gas and in
vacuum, the photo-induced experiments were performed.
The same experiments were carried out for pristine Agl,
pristine anatase, pristine ZnO and pristine SrTiOs as the
reference specimens. All of the measurements were carried
out at room temperature. Regardless of the sensitization of
Agl, the photo-induced PL spectral changes are clearly
observed for Agl-based composites. As typical results for
each composite, the spectral change of (0.4)Agl—(0.6)ana-
tase, (0.5)Agl—(0.5)Zn0O and (0.4)Agl—(0.6)SrTiO3; compo-
sites are shown in the present paper, as follows.

Figs. 1(a) and (b) show the photo-induced PL spectral
changes of (0.4)Agl—(0.6)anatase composite and pristine
anatase, respectively. Curves 1 and 2 are obtained after
irradiating for 30min in O, gas and in vacuum, respec-
tively. In O, gas, the composite shows a maximum at
2.91eV, which is close to the free exciton energy, E?El, of
pristine Agl [7]. The broad background emission band
centered at about 1.9¢eV is due to oxygen defects in anatase
particles. The PL intensity peak energy of this band is
smaller than that (2.2e¢V) of pristine anatase (curve 3).
Generally, the energy of oxygen defect, Egerect, depends on
the site and local symmetry. Surely, the result indicates that
Egefeet 18 affected by adding Agl. When the specimen
chamber is evacuated, the Agl free exciton luminescence
disappears with increasing f;,, while a new anatase-related
emission grows at about 2.2 eV with increasing ¢;.. Through
many successive experiments, it is found that the spectral
changes (1«2 and 3 < 4) appear repeatedly. Since the PL
intensity peak energy of difference spectra, curve 2—curve 1
and curve 4—urve 3, differ from curves 1 and 3, the energy
of photo-induced crystal defects (PID) in both the
Agl-anatase composite and pristine anatase is different

(a)
(0.4)Agl-(0.6)anatase

LOF 2: in vacuum Ao

o
n

ST (b)

pristine anatase

PL intensity (arb. units)
- o
n o

—_
(=]
T

AT IR
4: in vacuum IR S
. u* .

ot e

o 'M”'

.

0.5+ .t “"Iw
- . Aoy

3:in oxygen

"" 1
' agn®a®
hovs®®
e s i st B S Y T T Y N I TS AT

0.
32 3.0 2.8 2.6 24 2.2 2.0 1.8
Photon energy (eV)

Fig. 1. The photo-induced spectral change Agl-anatase composite: (a)
(0.4)Agl—(0.6)anatase composite and (b) pristine anatase.

from that of the original oxygen defect. Such photo-
induced defect formation at anatase particle surfaces in
vacuum may be given by the following expressions

25 nm laser photon
—>

TiO, in lattice } (Ovy + 2e) +% 0,1, (1)

325 nm laser photon

TiO; in lattice — (Ti*F — Oy — Ti*H)

1
x complex + 3 o1, (2)

where Oy denotes the oxygen vacancy. In reduced anatase,
it is known for the near-band edge absorption due to
oxygen defects, see, for example, Sekiya et al. [8]. The small
difference of PL intensity peak energy between curve 2 and
curve 4 indicates that the PID energy structure is almost
unchanged by adding Agl.

Figs. 2(a) and (b) show the photo-induced PL spectral
change for (0.5)Agl—(0.5)ZnO composite and pristine ZnO,
respectively. The spectra in the figures are obtained in
vacuum (dotted curve) and in O, gas (solid curve), after
irradiating for 30 min in each atmosphere. In O, gas, this
composite shows a maximum at 2.91eV which is close to
E‘?ﬁl. The broad background emission band centered at
about 2.2 eV is due to oxygen defects in ZnO particles. This
energy is smaller that (2.52¢eV) of pristine ZnO particles. It
indicates that Egerec; 1S affected by adding Agl. When the
specimen chamber is evacuated, the Agl free exciton
luminescence disappears with increasing #,, while the
emission due to oxygen defects increases in intensity with
increasing f;,. However, the magnitude of the spectral
change is smaller than that for (0.4)Agl—(0.6)anatase
composite. The photo-induced defect formation at ZnO
particle surfaces in vacuum may be given by the following
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Fig. 2. The photo-induced spectral change Agl-ZnO composite: (a)
(0.5)Agl—(0.5)ZnO composite and (b) pristine ZnO.

expressions

25 nm laser photon
—

. . 1
ZnO in lattice : (Oy + 2¢) + 3 0,1, (3)

25 nm laser photon
—

ZnO in lattice3 Zn; —i—% O, 1. 4)
It is well-known that the Zn interstitial (Zn;) and Oy create
to shallow donor levels [9]. Through many successive
experiments, it is found that the spectral changes (56
and 7« 8) appear repeatedly. Small energy difference of
oxygen-defect-related PL intensity peak between curve 5
and curve 6 indicates that Egepe; Of (0.5)Agl—(0.5)ZnO
composite is almost unchanged by photo-irradiation.
Figs. 3(a) and (b) show the photo-induced PL spectral
change of (0.4)Agl—(0.6)SrTiO; and pristine SrTiOs,
respectively. The spectra in the figures are obtained in
vacuum (dotted curve) and in oxygen (solid curve), after
irradiating for 30 min in each atmosphere. By evacuating
O, gas from the specimen chamber, the broad emission
band grows at about 2.3eV, which arises from oxygen
defects in SrTiO3 particles. Unlike the case of
(0.4)Agl—(0.6)anatase and (0.5)Agl—(0.5)Zn0O, Agl exciton
emission increases in intensity in vacuum with increasing
t;;» Through many successive experiments, it is found that
the spectral changes (9« 10 and 11« 12) appear repeat-
edly. As seen in curve 11, there are at least four
luminescence components at about 3.0, 2.93, 2.85, 2.67
and below 2.6 ¢V in pristine SrTiO5 particle. Rescaling and
than comparing curve 9 and curve 11, the following are
obtained. The PL component higher than 3eV is sup-
pressed by adding Agl, which is due to the optical
absorption by Agl domain. The broad PL component
below 2.6eV, which is centered at 2.35¢V, is considerably
enhanced by adding Agl. The luminescence observed
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Fig. 3. The photo-induced spectral change Agl-SrTiO; composite: (a)
(0.4)Agl—(0.6) SrTiO; composite and (b) pristine SrTiO;.

around 2.4eV is known to arise from oxygen defects [3].
The process of the photo-induced defect formation at
SrTiO;3 particle surfaces in vacuum may be expressed as
follows

25 nm laser photon
—

1
SrTiO; in lattice Ov+2)+5 01, (5

325 nm laser photon
—>

SrTiOj3 in lattice
. . 1
(Ti** — Oy — Ti**)complex + 3 0, 1. (6)

Before discussing the experimental results, we mention
briefly about the structure of these composites. The X-ray
diffractograms, SEM observations and EDX measurements
show that oxide particles are packed, without alloying, in
each large Agl particle domain whose size is approximately
several micronmeters. The 325nm (3.8 eV) laser light excites
not only Agl (E/éél = 2.9 ¢V) but also anatase (whose energy
gap E, is 3.2eV), ZnO (E;=32eV) and SrTiO;
(Eg =3.2eV), at room temperature. In addition to the
interfacial oxygen defects created by adding oxide fine
particles to Agl, the irradiation of 325nm laser light in
vacuum creates extra oxygen defects at the surfaces of oxide
fine particles. If Eé‘él is close to Eyefect, the excitation energy
of Agl is transferred to oxygen defect in adjacent oxide
particle, exciting oxygen defect and then displaying lumines-
cence, suppressing the Agl free exciton luminescence. Since
the number of photo-induced oxygen defect decreases under
325nm laser light irradiation in O, gas, the deexcitation of
photo-excited Agl gives luminescence without exciting
oxygen defect. This is the reason why the Agl free exciton
luminescence reappears under 325nm laser light irradiation
in O, gas for (0.4)Agl—(0.6)anatase and (0.5)Agl—0.5)ZnO
composites.
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However, in the case of (0.4)AgI—(0.6)SrTiO5; composite,
the Agl free exciton luminescence in O, gas is considerably
decreased by adding SrTiOs. This suggests that the oxygen
defects generated by adding Agl act as nonradiative traps
for Agl free exciton. Many optical absorption bands due to
oxygen deficiency are also known for SrTiO;. Because of
large dielectric constant (approximately 300) of SrTiOs,
photo-generated electrons and holes do not form excitons
but they move independently throughout Agl/oxide inter-
faces. It is also known that, in SrTiO; crystal, electrons
move freely, while holes are self-trapped. In the
(Ti**—Oy-Ti*") complex, the Ti*" ions act as hole traps,
while the Oy act as electron traps. Accidental recombina-
tion of electron and hole at photo-generated (Ti® " —Oy—
Ti’") complex induces the 2.4eV luminescence. On the
other hand, another portion of photocarriers may com-
pensate the traps, enhancing the Agl free exciton lumines-
cence. This may be the reason why the Agl free exciton
luminescence is enhanced under 325 nm laser light irradia-
tion in vacuum for (0.4)Agl—(0.6)SrTiO; composite. Since
the defect structure is hard to be optically determined, it is
not clear which type of defect acts as such traps.

Finally, we are now studying the reversible photo-
induced PL spectral change as a function of oxygen

pressure, for applying the phenomena to the optical
oxygen-partial-pressure sensor.
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Abstract. When different SrTiO, single crystals are irradiated at room temperature with a
continuous wave 325 nm laser light in an evacuated specimen chamber, their luminescence
increase in intensity, creating a broad visible luminescence band centred at about 2.4 eV. Then,
introducing oxygen gas into the specimen chamber, the photoluminescence spectra return
reversibly to the original weak luminescence with the same laser light irradiation. After
removing the laser light irradiation, each photoluminescent state is stored for a long time at
room temperature under room light, regardless of any changes of atmosphere. Such photo-
induced spectral change has been also observed at different temperatures from 6 K to room
temperature. The observed phenomenon is explained by the photo-induced oxygen defect at the
surfaces of SrTiO, crystal. The observed photo-induced optical phenomena are discussed in the
light of both the crystal defect chemistry of SrTiO, and the exciton theory.

1. Introduction

In recent years, considerable attention has been devoted to the search for new photo-induced
phenomena to be used as erasable photomemory materials [1]. We have observed the reversible photo-
induced spectral transitions in the photoluminescence of Eu,O, [2], Sm,O, [3], anatase TiO, [4],
vitreous SiO, [5] and other materials [6]. When these materials are irradiated at room temperature with
a continuous wave (CW) 325 nm laser light in an evacuated specimen chamber, their luminescence
change in intensity, creating a broad visible luminescence band. Then, introducing oxygen gas into the
specimen chamber, the photoluminescence (PL) spectra return reversibly to the original luminescence
with the same laser light irradiation. After removing the laser light irradiation, each PL state is stored
for a long time at room temperature under room light, regardless of any changes of atmosphere. Such
photo-induced spectral change has been also observed at different temperatures from 6 K to room
temperature. Such reversible phenomena may well yield materials for erasable optical storage and
white-light-emitting devices. Very recently, we have also observed quite similar photo-induced PL
spectral change in strontium titanate SrTiO, single crystal. Grabner [7] measured the PL properties of
doped and undoped SrTiO; crystals, and observed a near-infrared luminescence band around about 1.6
eV and a visible luminescence band around 2.4 eV. In addition to these PL bands, we have found a
near-band-edge emission at 3.2 eV, accompanied by a broad PL band around 2.9 eV [8, 9]. In
particular, the 2.4 eV luminescence shows clear spectral change.

In the present paper, we summarize our recent studies on the photo-induced PL spectral change
observed for different SrTiO, crystals and discuss them in the light of both the crystal defect chemistry
of SrTiO, and the exciton theory.

© 2005 IOP Publishing Ltd 142
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2. Experimental

The SrTiO, crystal was grown by the Verneuil method and the as-grown crystal is dark blue. The as-
grown crystal became perfectly colourless and transparent by annealing in reducing Ar-H, mixture gas
atmosphere at high temperature. We have measured the optical density (OD), PL, PL excitation and
time-resolved PL spectra for the as-grown and annealed crystals at different temperature between 6 K
to room temperature. The details of experimental procedure are described in our previous papers [8, 9].
The reversible photo-induced PL spectral changes were measured by means of a CW He—Cd laser
(wavelength= 325 nm) as the excitation source and an optical multichannel analyzer. The specimens
were set in a chamber connected with an oil-free vacuum system, which is able to exchange the
atmosphere around the specimens at room temperature. The experimental setup is shown in figure 1.

optical 4

I:I multichannel SrTiOj; crystal
analyzer [

1 T=294 K

ilyl‘OWn

He-Cd laser
(k=325 nm)

Optical density
[S]

(X} vacuum pump fully-annealed

0..I....n....l....n....l..

3.0 2.0 1.0
oxygen gas bomb Photon energy (eV)
Figure 1. The experimental setup. Figure 2. Optical density spectra of
the as-grown and fully-annealed
SrTiO, crystals at 294 K.

3. Results and discussion

Figure 2 shows the OD spectra of the as-grown and fully-annealed SrTiO, crystals at room
temperature. As seen in this figure, the as-grown crystal shows an intense background absorption
which increases gradually toward IR region. We name tentatively this background NIR absorption. As
superposing on the NIR absorption, there appear several absorption peaks around 2.4, 2.15, 2.08 and
0.82 eV and un-resolved absorptions in the energy ranges between 3.1 and 2.6 eV, and between 1.9
and 1.2 eV. The OD spectra increased steeply at photon energies larger than 3.1 eV is ascribed to the
fundamental electronic absorption onset (3.2 eV) of cubic SrTiO, [8]. With progressing annealing, the
absorption around 0.82 eV disappears rapidly and the absorptions around 2.15 and 2.08 eV merge into
the broad absorption band around 1.65 eV, decreasing the NIR absorption in intensity. As seen above,
many absorptions appear at energies lower than the bandgap energy (3.2 eV), which indicates that
there are many crystal-defect-induced levels in the energy gap. The midgap absorptions below 3.1 eV
may arise not from homogeneously crystal defects (oxygen vacancies) but from non-Perovskite phases
with the Ruddlesden-Popper phases [(SrO)*(SrTiO,) ] [10] and (Ti"*-oxygen vacancy-Ti’") complex
[11,12].

During a CW 325 nm laser light irradiation in vacuum (or in oxygen) at room temperature, we have
measured the PL spectral change of the as-grown and fully-annealed crystals as a function of the
irradiation time. The result for the as-grown crystal at room temperature in vacuum is shown in figure
3(a). The irradiation time is shown by each curve. As seen in figure 3 (a), the initial PL spectrum is
very broad, and it has an intensity peak at about 2.8 eV and two faint kinks at about 2.4 and 2.15 eV.
With increasing irradiation time, the intensity increases, growing the PL. component below 2.8 eV and
the speed of the spectral change becomes deduced. A difference spectrum between the spectrum
obtained at 60 min and rescaled spectrum obtained at O min is calculated, which is shown in figure 3
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(b). This figure shows clearly that a broad PL band has grown at 2.4 eV under CW 325nm laser light
irradiation in vacuum.
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295 K. (a) Spectral change in vacuum. (b) at 295 K. (a) Spectral change in vacuum.
Extraction of photo-induced component. (b) Extraction of photo-induced component.

Figure 4 (a) shows the photo-induced PL spectral change of the fully-annealed crystal at room
temperature in vacuum. The PL component below 2.8 eV grows with increasing irradiation time. With
further increasing irradiation time, the rate of the change becomes small. As done for the results of the
as-grown crystal, the difference spectrum is also calculated, which is given in figure 4 (b). It clearly
indicates that a broad PL band has grown at 2.4 eV under 325nm laser light irradiation in vacuum.
Then we have introduced the oxygen gas to the specimen chamber and irradiated the same laser light.
The 2.4 eV band decreases in intensity for both the as-grown and fully-annealed crystals, returning to
the original weak PL state. The spectral changes observed for the SrTiO, single crystals are mainly
characterized by an intensity change of the 2.4 eV luminescence. Since the 325nm laser light never
dissociates directly free O, molecule, the observed spectral changes arise from the photo-induced
associative detachment and photo-induced dissociative adsorption of O, molecules near the SrTiO,
surfaces. In the other word, these phenomena correspond to the photo-reduction and the photo-
oxidation, respectively. It has also found that the speed of the spectral change accelerates on
increasing the intensity of the activating light. The same experiments were carried out by changing the
wavelength of the irradiating laser light. As results, it has been found that no spectral change was
observed except for the CW 325 nm laser light.

The PL spectra of the as-grown and different annealed SrTiO, crystals were measured at different
temperatures between 295 and 6 K under a CW 325 nm and a pulsed 355 nm laser light of different
laser fluences. With decreasing temperature, the 2.4 eV band merged in the broad band at room
temperature becomes prominent and then the PL spectra of these crystals below 30 K are characterized
by the 2.4 eV band for weak excitation. As typical results, the PL spectra of the as-grown and fully
annealed crystals are shown in figure 5. It has also found that the photo-induced PL spectral change
has been more clearly observed at 13 K. The result for the fully-annealed SrTiO, single crystal is
shown in figure 6 (a), as a typical result. The irradiation time is given by each curve. The peak
intensity of the 2.4 eV luminescence is plotted against irradiation time in figure 6 (b). The PL
increases in intensity and then tends to saturate at 90 min without any change of the spectral shape. It
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has been found that the magnitude of the spectral change at 2.4 eV for 60 min is nearly independent of
temperature.
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4. Mechanism of the photo-induced photoluminescence spectral change in SrTiO,

Through our many optical experiments [8, 9, 13] on the as-grown SrTiO, crystal and the SrTiO,
crystals recovered from different annealing stages, it has found that the PL of real SrTiO, crystals is
considerably affected by crystal defects. All of the results on the reversible photo-induced PL spectral
change of the as-grown and different annealed SrTiO, single crystals may be summarized as follows.

(1) The reversible photo-induced PL spectral change can be observed at different temperatures,
from 6 K to room temperature. The spectral change takes time and the speed of change is
nearly independent of temperature, but it increases with increasing light intensity.

(2) The spectral change tends to saturate at long light irradiation time (more than 90 min).

(3) The spectral change is induced by changing the specimen atmosphere between oxygen gas and
vacuum only under a CW 325 nm laser light.

(4) After removing the light irradiation, each PL property persists for a long time even at room
temperature under room light, regardless of any changes of atmosphere.

The result (1) indicates that the observed spectral changes are not phonon-assisted phenomena but
purely electronic ones and that the PL band at 2.4 eV is an extrinsic luminescence due to the
luminescence centres introduced by a CW 325 nm laser light. Since the 325 nm (= 3.81 eV) laser light
never dissociates directly free O, molecule, the result (3) indicates that the phenomena arise from the
photo-induced associative detachment and the photo-induced dissociative adsorption of O, molecules
near the SrTiO, surface. In this case, photo-excited SrTiO, crystal acts as a photocatalyst for
decomposing O, molecule and also as an oxygen reservoir. The results also summarize how spectral
change arises naturally from the photo-activated oxidation and reduction. The reduction of SrTiO,
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surface under a CW 325 nm laser light in vacuum may be accompanied by creation of electron-
captured oxygen vacancy V” . Using a local spin density approximation plane-wave pseudo potential
method, Astala and Bristowe [14] have shown that the doubly positively charged state is most stable.
It is well in agreement with the experimental result that oxygen deficiency in SrTiO, enhances the
electrical conductivity even at low temperatures [15]. This means that most of the electrons around
oxygen vacancies are released and, therefore, such oxygen vacancy sites are relatively positively
charged. Therefore, the oxygen vacancies tend to trap photo-generated electrons. Several authors [11,
12, 16] proposed another type of defect, (Ti"-V,”-Ti™) complex, at SrTiO, surface. Taking account of
this complex, the photo-induced oxygen desorption can be explained as follows.

" 1
SrTiO; in lattice < CIW 325 nm laser photon_, (Ti* - Vo —Ti 3 complex + 5 0, @

In the complex, the Ti™ ions act as hole traps (S,), while the vacancy V”_ do as electron traps (S,).
In SrTiO, crystal, it has been known that electrons determine well the transport properties, for
example, electrical conductivity and photoconduction, while any phenomena related to holes have
been not observed. This indicates that holes are almost trapped around crystal defects. Toyozawa [17]
proposed three types of symmetry-breaking instabilities of excitons in the phonon field and when the
electron and the hole have deformation potentials of opposite sign, the decomposition into a pair of
self-trapped particles occurs. This instability of an exciton leads to lattice decomposition into an
electron centre (an anion vacancy) S_ and a hole centre (an anion interstitial) S,, if exciton is formed in
the bulk. On surfaces, the hole center is emitted out of the surface, thus leaving only the electron
center. Therefore, such exciton instability may result in oxygen desorption at SrTiO, surface in
vacuum and thus the oxygen vacancies produced give rise to the 2.4 eV luminescence. It is noted that
the CW 325 nm laser light is indispensable for the spectral change due to the photo-induced oxidation
and -reduction in SrTiO,. The CW 325 nm laser fluence in our experiments was at most 0.8 Wem?,
and therefore any bond breaking mechanism based on the instability under high-density excitation
may be rejected from the present discussion. Unlike alkali halides, a single interband excitation never
induces the desorption of surface atom in semiconductors, since the binding energy of atoms is larger
than the energy gap. In the case of photo-excitation of such semiconductor, only atom around crystal
defect at the surfaces can be released [18, 19, 20, 21]. Astala and Bristowe[14]calculated the oxygen
vacancy formation energy of about 7 eV, which are approximately twice of the bulk energy gap and
are slightly smaller than twice of the CW 325 nm laser photon energy, at the TiO,-terminated (100)
surface of SrTiO,. Both the oxygen defects (for example, Ti"*-O”, -Ti" and O”,) inherent to SrTiO,
surfaces and the infinite continuity of the laser light may enable the 325 nm laser photon to release O,
molecule from the surface. Incidentally, the pulsed 355 nm laser light (the pulse width = 4~5 ns),
though the photon energy is close to the CW 325 nm laser light, never induced the spectral change
even at 14 mJcm” [8]. The oxygen desorption via such excited state may occur immediately after a
laser pulse incidence. However, it is found that relatively long time is taken to complete the spectral
change in SrTiO,, as the result (2). This indicates that the photo-induced oxygen desorption probability
is very low at SrTiO, surface. The observed saturation tendency with further increasing irradiation time
suggests that the photo-induced oxygen defect increases the potential energy of the surface irradiated
by light. In such case, equilibrium may be realized in a system composed of a matter (SrTiO, crystal)
and a radiation field (325 nm laser photon field). It can be assumed that the intensity, coherency and
continuity of laser light determine the degree of fluctuation in the system and the dynamics of the
photo-induced PL spectral change.

Recently, there are several reports on the photo-induced change of dielectric and transport
properties of SrTiO, crystal under ultraviolet irradiation and the change is frequently explained as the
intrinsic property of SrTiO, crystal. However, if some of photo-generated carriers are trapped at the
oxygen defects, large enhancement of the dielectric constant may be observed as an extrinsic effect. In
the past, Uwe [22] pointed out the importance of the ferroelectric microregion [23] in the photo-
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excited SrTiO, crystal, as follows. Photo-generated electrons create Ti™ ions and then these ions
produce electric dipoles with oxygen defects. The dipoles may produce ferroelectric microregions
which give large enhancement of the dielectric constant.

Finally, since some chemical heterogeneity on the surface has been pointed out for the surfaces of
SrTiO, crystal reduced and oxidized at high temperatures [10] and small amount of OH ions are
introduced inevitably during crystal growth by the Verneuil method, these effects must be considered
for more detailed discussion.
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Abstract. Different Eu,O; fine particle films were prepared by the laser ablation method.
Under a continuous wave (CW) 325 nm laser light irradiation, their photoluminescence spectra
are measured both in vacuum and in O, gas atmosphere. All the specimens display reversible
spectral change and clear luminescence colour changes (red luminescence <« white
luminescence) for changing specimen atmosphere. Moreover, the white-luminescent state is
stored for more than several years at room temperature in air under room light. The obtained
results suggest that the spectral changes arise from both the photo-induced valence (Eu*" —
Eu’") change of europium ions and the photo-generated oxygen defect structure at Eu,Os
particle surfaces in vacuum, which is expressed by the following reaction, Eu,Oj; in lattice +
CW 325 nm photon — (Eu2+-oyygen vacancy-Eu’") complex + %40,. The obtained results are
discussed in the light of the exciton theory.

1. Introduction

Europium sesquioxide Eu,0; exhibits five crystal phases designated by X, H, A, B and C at normal
pressure in the order of decreasing temperature [1]. Cubic X form transforms into hexagonal H form at
about 2553 K, to hexagonal A form at about 2413 K, to monoclinic B form at about 2313 K, to cubic
C form at about 1373 K. The B form contains six formulae per unit cell of which space group is C2/m.
The body-centered cubic C form contains 32 europium ions and 48 oxygen ions per unit cell of which
space group is Ia3. Several years ago, we found reversible photo-induced spectral change in Eu,O; at
room temperature [2, 3]. When Eu,O; powder compacts, films and particles are irradiated with a 325
nm laser light in vacuum, their photoluminescence (PL) spectra change from a red sharp-line structure
to a white broad band, which can be clearly seen with the naked eye. After removing the UV laser
light, the white PL state is stored for more than several years at room temperature under room light,
regardless of any changes of atmosphere. By irradiating with the same UV laser light at room
temperature under oxygen gas atmosphere, the original red PL state re-appears. Such reversible
phenomenon may well yield materials for white-light-emitting devices and erasable optical storage.
Especially, Eu,O; fine particles are thought to have potential application for high-density luminescent
device and they lead to important modifications of some of the bulk properties. For example, particle-
size reduction may give rise to the confinement of Eu®" excitation and long-wavelength phonon modes
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in the particle [4, 5]. In the present paper, we report upon the structural and optical studies on Eu,O5
fine particle films and we arrive at a view on the photo-induced spectral change.

2. Specimen preparation and characterization

The laser ablation target was prepared by compressing Eu,O; powder 99.98 % in purity under a
pressure of 0.2 GPa for 1 h at room temperature and then by sintering at 1273 K for 24 h in air. Eu,04
fine particle production and deposition were carried out in oxygen atmosphere of different pressures
with a pulsed Nd’**-YAG laser light (wavelength A=355 nm, pulse width=3 ns, repetition =10 Hz). The
temperature of the silica glass substrate was room temperature. After deposition, the half of the as-
deposited film specimens was annealed at 873 K in air for 24 h. The conditions of the specimen
preparation are listed in table 1.

Table 1. Summary of Eu,Os films investigated.

Specimen Laser ablation atmosphere Comments
Oxygen pressure (Pa)
#la 0.00 as deposited
#1B 0.00 annealed at 873 K in air
#2a, 1.26 as deposited
#2p3 1.26 annealed at 873 K in air
#3a 2.54 as deposited
#3pB 2.54 annealed at 873 K in air
#4o 5.10 as deposited
#4B 5.10 annealed at 873 K in air

As standard specimens, the B-form and C-form specimens were also prepared by sintering Eu,O;
powder compacts at 1823 K and 1273 K in air, respectively. The films were characterized by the x-ray
diffraction (XRD) analysis with Cu Ko, radiation at 300 K. Distribution maps of europium and
oxygen atoms in the films were obtained by using a scanning electron microscope (SEM) with an
energy dispersive x-ray (EDX) fluorescence spectrophotometer (Shimadzu SSX-550). Figures 1(a),
(b), (c) and (d) show the room-temperature XRD patterns of Eu,O; specimens listed in table 1. Gray
bold and black solid curves correspond to as-deposited film and annealed one, respectively. The XRD
lines of the B-form and C-form Eu,O; crystals [6] are given as histograms in figures 1(e) and (f),
respectively. As seen in these figures, the as-deposited films display halo XRD pattern. The halo XRD
pattern is reproduced by rescaling and broadening these B-form- and C-form XRD lines and then by
superposing them. This suggests that the as-deposited films consist of very small crystallites or that the
as-deposited films are amorphous. As-deposited films were fully transformed to crystalline Eu,O; ones
by heating at 873 K in air for 24 h. The crystalline Eu,O; films are mixtures of a lot of C-form
crystallites and few B forms. The EDX fluorescence map of europium atoms coincides well with that
of oxygen atoms. Both the XRD patterns and the EDX fluorescence maps indicate that the produced
films are chemically uniform Eu,O;. The film morphology was analyzed by the SEM and an optical
microscope with a charge-coupled device camera system. As typical results, the SEM images of the
as-deposited Eu,0; film (#40a) and annealed film (#4f3) are shown in figures 2(a) and (b), respectively.
The uniform particle layer consists of particles smaller than several ten nanometers. Few particles with
size larger than several hundred nanometers are seen. These particles may be explosively spouted out
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from Eu,0; target. As seen in figure. 2(b), annealing gives rise to many crevices in the uniform layer
and divide into large number of domains of several micronmeter sizes.
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Figure 1. Room-temperature Xx-ray Figure 2. SEM images of Eu,O, films:
diffractograms of different Eu,O, films (a) as-deposited film (#4a), (b) annealed
for CuKal radiation. film (#4B).

3. Results and discussion

Figures 3(a), (b), (c) and (d) show the PL spectra of the as-deposited and annealed Eu,0; films. The
measurements were carried out at room temperature in air under CW 325 nm photoexcitation. These
specimens show the Dy — 'F;(J=0, 1, 2, 3, 4) emissions at wavelengths between 570 and 720 nm [7].
With increasing oxygen pressure for the pulsed laser ablation, the *Dy— 'F, emission band becomes
sharpen. At wavelengths shorter than 550 nm, these specimens show also broad band emission. The
large PL intensity ratio of the broad band emission to the Dy— 'F, one is observed for the
#lo, #1B, #2a and #2p films which were fabricated in vacuum or extremely low oxygen pressure.
Except for the #1 specimen fabricated under vacuum, annealing depresses considerably the PL
intensity and makes the spectrum to resolve clearly into several emission bands. Since crystallites
grows in size and transform to predominant C-form film by annealing, the selection rule may become
rigorously effective to depress PL intensity. In figure 4, the room-temperature PL spectra of different
Eu,05 specimens are compared. Although the spectra are rescaled to each maximum intensity value,
the C-form bulk specimen shows more intense emission than the B-form bulk one. These ‘Dy— F;
emission lines appear at almost the same wavelength in every specimen, but the bandwidths in the as-
deposited fine particle films are larger than those in annealed films. Such broadening may arise from
both random arrangement of crystallites and finite size of crystallites at which surfaces the electronic
excitations of Eu’" ions are scattered. It is also found that the PL spectra of the as-deposited and
annealed fine particle films consist of the emission lines observed at both the B-form and C-form
crystals. More high resolution measurements indicate that there are, at least, three distinct *Do— "Fo
emissions in the annealed films, while there is a very broad ’Dy— 'F, emission in the as-deposited
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films. In addition, the presence of the *Dy— "F, 3 emissions and the J-degeneracy of 'F, , level suggest
that the local site environments of these Eu’" ions may be described by different point groups, for
example, C,,, C; and C,, [8]. The effects of surface reconstruction of constituent atoms and surface
defects have been frequently pointed out for fine particle specimens.
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Figure 3. Photoluminescence spectra of Figure 4. Photoluminescence spectra of
different Eu,O, films before and after different Eu,O, specimens.
annealing.

As shown in figure 4(b), the B-form (monoclinic crystalline phase) with C, point group can exist at
room temperature, as a metastable state. Moreover, Eu,0; tends to be structurally degenerated at room
temperature. Therefore, some local structural mixture of the B and C forms may occur in Eu,Osfine
particles, as seen in figurel. This is compatible with the results obtained for Eu’" doped Y,O;
nanocrystals and Eu,0O; nanocrystals [9, 10].

The as-deposited and annealed films were irradiated with the 325 nm laser light in oxygen gas of
1.01 x 10° Pa or in air, the specimens showed red emission which can be seen with the naked eye.
When the specimen chamber was evacuated, the PL colour changes from red to white. The intensity of
the white emission increases with increasing irradiation time, which can be clearly seen with the naked
eye. Oxygen gas of 1.01 x 10° Pa was again introduced in the chamber. The red PL colour appeared
again, while the white-colour PL decreased in intensity with increasing irradiation time. Such PL
colour change took place repeatedly with sufficient reproducibility, when the kind of atmosphere
about specimen was exchanged. After removing the 325 nm laser light irradiation, each PL-state is
stored for more than several years at room temperature under room light, regardless of any change of
atmospheres (1.01x10° Pa O, gas and air). The change to white PL occurs only as a result of the CW
325 nm laser light irradiation in vacuum, while we have not observed the colour change in any other
reducing atmosphere; for example, Ar-H, mixture gas. The change to white PL can be observed at
different temperatures from 7 K to room temperature. This indicates the observed spectral changes are
purely electronic phenomena and are not phonon-assisted.

By irradiating with the same 325 nm laser light, we have then measured the PL spectral change of
all of the films listed in table 1 at room temperature under both vacuum of 1.33 x 10 Pa and
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atmospheric O, gas, as a function of irradiation time. As typical results, the spectra obtained for the
specimens (#1o and #1P) and the specimens (#3o and #3f) are shown figures 5 and 6, respectively.
The spectral change for 30 minutes is shown in the figures at intervals of 2 minutes for each specimen.
The arrows indicate progress of irradiation time. The kind of atmosphere is given in each figure.
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Figure 5. Photo-induced spectral change  Figure 6. Photo-induced spectral change
of Eu,O, films (#1a and #1f3). of Eu,O, films (#3a and #33).

The speed of the spectral change is increased with increasing laser fluence. The annealed films
(#2B, #3P, #4P) show larger PL-intensity change than the as-deposited films (#2o, #3o, #40).
Specimen fabricated under higher oxygen pressure shows more structure-less white luminescence. We
also studied the spectral transition in all the specimens for more than four hours. The results for the
#3o- and #33 specimens are shown in the insets in figures 6(b) and (d), as typical results. In the insets,
V and O indicate vacuum and oxygen atmosphere, respectively. The irradiation time was about 120
minutes for each atmosphere. It is noted that the white PL band increases in intensity with depressing
*Dy— 'F; emissions. Then, the structure of the white band becomes pronounced.

4. Mechanism of the photo-induced spectral transition

The results given in the section 3 suggest that the reversible spectral transition observed in the Eu,Os
fine particle films arises from photo-activated oxidation and reduction near particle surfaces. Since the
325 nm laser light cannot dissociate directly free O, molecules as atmospheric gas, the photo-induced
oxidation indicates that the photo-dissociation energy of O, is considerably decreased at the particle
surfaces by the interactions between O, and Eu,Os;. The photo-activated reduction of Eu,Os fine
particle is accompanied both by a valence-number change of europium ions (Eu’*— Eu®") and by
oxygen defect formation. Broad band emission may be connected with Eu”" ions and local structural
changes arising from oxygen defects. We prepared also a EuO film by reducing Eu,O; powder
compact at 1273 K in vacuum. The EuO film shows a broad PL band centred at about 1.03 um. This
centre wavelength is far away from that of the observed white PL. Therefore, the photo-generated Eu*"
ions and oxygen defects do not form any structure based on EuO crystal, but they may form (Eu*'-
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oxygen vacancy-Eu’") complex. Therefore, the observed photo-induced phenomena can be described
the following reaction:

CW 325 nm laser photon

Eu, 05 in lattice < (Eu®* - oxygen vacancy — Eu 2 complex + ; 0, Q)

In the complex, the Eu* ions act as hole traps (S,), while the oxygen vacancy do as electron traps
(S,). Toyozawa [11] proposed three types of symmetry-breaking instabilities of excitons in the phonon
field and when the electron and the hole have deformation potentials of opposite sign, the
decomposition into a pair of self-trapped particles occur. In other word, the instability of an exciton
leads to lattice decomposition into an electron centre (an anion vacancy) S_ and a hole centre (an anion
interstitial) S, if the exciton is formed in the bulk. On surfaces, the hole centre is emitted from the
surface, thus leaving only the electron centre. Therefore, such exciton instability may result in oxygen
desorption at Eu,O, surfaces. Unlike alkali halides, a single interband excitation never induces the
desorption of surface atom in semiconductors, since the binding energy of atoms is larger than the
energy gap. In such semiconductor case, only atom around crystal defect at the surfaces can be
released for single photoexcitation [12]. In the present Eu,O, specimens, the seeds of the observed
photo-induced spectral change may be the defects which had already existed at particle surfaces. It has
been said that the desorption via such excited state occurs within 10" s after a laser pulse incidence.
However, considerable time is taken to complete the spectral change in Eu,O,, as seen in figures 5 and
6. This indicates that the photo-induced oxygen desorption probability is very low at the Eu,O, particle
surfaces. The saturation tendency observed at further increasing irradiation time suggests that photo-
induced oxygen defect structure increases the lattice potential energy of the light irradiated surface. In
such case, equilibrium may be realized in a system composed of a matter (Eu,0O, particles) and a
radiation (laser photon) field.
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Abstract

When strontium titanate (SrTiOsz) single crystal is irradiated at room
temperature with a 325 nm laser light in an evacuated specimen chamber,
the luminescence intensity increases, creating a broad visible luminescence
centred at about 2.4 eV. Then, introducing oxygen gas into the specimen
chamber, the photoluminescence spectrum returns reversibly to the original
weak luminescence under the same laser light irradiation. After removing the
laser light irradiation, each photoluminescent state is stored for a long time at
room temperature under room light, regardless of any changes of atmosphere.
Such photo-induced spectral change has been observed also at different
temperatures from 13 K to room temperature. The observed phenomenon
is explained by means of the photo-induced oxygen defect formation at the
surfaces of SrTiOj3 crystal. For the same SrTiO; single crystal, we have studied
the photoluminescence properties. Besides the 2.4 eV luminescence band, we
have observed new two luminescence bands centred at about 3.2 eV and about
2.9 eV. The energy, 3.2 eV, is close to both the photoluminescence excitation
edge energy and the reported band edge energy of SrTiO; crystal. Both the
3.2 eV luminescence and the 2.9 eV luminescence decay rapidly after a pulsed
photoexcitation, while the 2.4 eV luminescence lasts for several seconds at
13 K. The excitation light intensity dependence of these luminescence bands
has been also measured at 13 K. The 2.4 eV luminescence increases in intensity
with increasing excitation intensity up to 4 mJ cm~2, and then it becomes
decreased with further increase in the excitation intensity. On the other hand,
both the 3.2 eV luminescence and the 2.9 eV luminescence increase in intensity
with increasing excitation intensity, without any saturation. Although the
2.4 eV luminescence had been assigned to the radiative decay of intrinsic self-
trapped excitons in a superparaelectric state by several workers, the present
studies have clarified that the luminescence originates mainly from crystal
defects (oxygen defects and chemical heterogeneity in the surface region).
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Both the 3.2 eV luminescence and the 2.9 eV luminescence are discussed
qualitatively.

1. Introduction

Considerable attention has been given to clarifying the quantum paraelectric state in strontium
titanate (SrTiO3). The lattice of SrTiOs has the cubic perovskite-type structure at room
temperature. At 105 K, it transforms into a tetragonal structure. With temperature decreasing
from room temperature, the static dielectric constant increases prominently, and it attains
several ten thousands at 4 K without any paraelectric—ferroelectric transition (Miiller and
Burkard 1979). Between 4 and 0.3 K, the dielectric constant was found to be independent of
temperature. Recently, a prominent enhancement of the dielectric constant has been observed
under ultraviolet light irradiation (Katsu ef al 2001, Takesada ef al 2003, Hasegawa ef al 2003),
but it is now under dispute, involving some complicated problems relating to electrode/SrTiO3
interfaces. In order to explain the quantum paraelectric state, one may assume first that Ti**
ions are fluctuating quantum mechanically in the SrTiO; lattice, as if they are in the critical state
just before the paraelectric—ferroelectric transition in usual ferroelectrics. Miiller et al (1991)
proposed that SrTiOs is in a coherent quantum state associated with a rotonic minimum in the
transverse acoustic mode. For the photo-enhanced dielectric constant, Nasu (2004) assumed
that ultraviolet light broke the crystal inversion symmetry, creating ferroelectric microdomains.
He assumed also that such microdomains fluctuated and itinerated quantum mechanically in the
SrTiOj crystal. SrTiO; crystal has an indirect gap and a direct gap in an energy range between
about 3.2 eV and about 3.5 eV (Cohen and Blunt 1968, Blazey 1971, Capizzi and Frova 1970,
Capizzi et al 1972, Cardona 1965, Zollner et al 2000, Hasegawa et al 2000). It is known that
the luminescence intensity is specimen dependent (Grabner 1969). Hasegawa et al (2000)
measured the optical absorption and photoluminescence spectra at temperatures between 10 K
and room temperature. They found that the crystal exhibited a broad photoluminescence band
around 2.4 eV. Through time-resolved photoluminescence measurements, they assigned the
2.4 eV luminescence to the radiative decay of intrinsic self-trapped excitons. However, many
metal oxides display very similar broad photoluminescence between 2 and 3 eV: for example,
Sm, 03 (Mochizuki 2003), Eu, O3 (Mochizuki et al 2001), anatase TiO, (Mochizuki et al 2003),
Al, O3 (Mochizuki and Araki 2003a), vitreous SiO;, (Mochizuki and Araki 2003b) and LaAl,O3
(Kawabe et al 2000). Moreover, their luminescence intensities are specimen dependent,
especially as regards the thermal history and crystal preparation method. Unfortunately, this
specimen-dependent nature of the 2.4 eV luminescence has been accorded too little respect in
the optical study of SrTiO3 and it has led many researchers astray.

Very recently, we have found at room temperature that the 2.4 eV luminescence band of
SrTiO3; grows under a 325 nm laser light irradiation in vacuum, while it disappears under the
same laser light irradiation in oxygen gas. Through many successive experiments involving
replacing the specimen atmosphere, it was found that the spectral change occurs reversibly
under the 325 nm laser light irradiation. The observed phenomenon relates to the photo-
induced oxygen defects at the surfaces of SrTiOs;. Now or never is the time to reinvestigate
the photoluminescence properties of SrTiOs in detail, taking account of such oxygen defects.

In the present paper, we report the photoluminescence spectrum, its excitation intensity
dependence, the decay profile, the photoluminescence excitation spectrum, the time-resolved
photoluminescence spectrum and the reversible photo-induced spectral change of SrTiO3 single
crystal at different temperatures between 12 K and room temperature in detail.
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2. Experimental detail

The SrTiO; crystal was well grown by the Verneuil method and the as-grown crystal is dark blue.
The as-grown crystal was then annealed under an appropriate reducing atmosphere. The crystal
became perfectly colourless and transparent under the annealing. Several as-grown (dark blue)
and annealed (colourless transparent) SrTiO3 single crystals, 10 x 10 x (0.5-1.0) mm in size,
were supplied by Sinkosya Corporation. The broad surfaces of the crystals are optically flat
and they are oriented in the [100] direction. It should be noted that such transparent SrTiO;
crystals grown by the Verneuil method have been widely used by many workers for studying
electrical and optical properties. As reference specimens, we have used also several SrTiO;
powder compact discs which were sintered at 1273 K and annealed at different atmosphere.

The photoluminescence (PL) spectra were measured by using an optical multichannel
analyser consisting of a grating monochromator (focal length = 32 cm, grating = 1200 or
150 grooves mm~') and an image-intensified diode-array detector (number of channels =
1024, gate time = 5 ns). An Nd3*:YAG laser (wavelength = 355 nm, pulse width = 4-5 ns,
repetition = 10 Hz), a continuous wave (CW) He—Cd laser (wavelength = 325 nm) and a
monochromatic light source consisting of a 150 W xenon lamp and a grating monochromator
(focal length = 20 cm) were used as the excitation source. The excitation light intensity
dependence of the PL spectrum was measured by attenuating the incident laser light intensity
with glass attenuators calibrated in transmissivity. The PL excitation (PLE) spectra were
recorded by varying the excitation light wavelength A.x with the same monochromatic light
source as described above, and by detecting the luminescence light intensity at a desired
wavelength Aop as a function of e with a grating monochromator (focal length = 20 cm) and
a synchronous light detection system. The time-resolved PL spectra were taken using the same
optical multichannel analyser to which two delay pulse generators were attached. The delay
time #4, which is the measurement start time after a laser pulse incidence, and the gate time f,,
which is the time after #4 of the spectral measurement, were set with these delay pulse generators
which were controlled with a personal computer. The actual minimum gate time was 5 ns. The
decay curves were measured with an apparatus consisting of a grating monochromator (focal
length = 20 cm) equipped with a photodetection system (time constant = about 1 us) and
the Nd**:YAG laser oscillating at 355 nm. The optical density (OD) spectrum was measured
using another optical multichannel analyser.

An optical cryostat was used for the specimen chamber, in which a closed-cycle
helium refrigerator equipped with a temperature controller was used to change the specimen
temperature between 12 K and room temperature. Another specimen chamber was also used
for the measurement of the reversible spectral change at room temperature. An oil-free vacuum
system was used for evacuating these specimen chambers.

3. Results

3.1. Photoluminescence spectra of SrTiO3 under weak excitation

Figure 1(a) shows the PL spectra of SrTiOj3 at different temperatures under a pulsed 355 nm
laser light excitation (pulse width = 4-5 ns, repetition = 10 Hz, fluence = 0.079 mJ cm~2).
A broad luminescence band is observed around 2.4 eV at 12 K. The band seems slightly
asymmetrical in spectral shape and it consists of two luminescence bands centred at 2.46 and
2.40 eV, which are labelled B’ and B, respectively. This indicates that this photoluminescence
comes from at least two kinds of luminescent centres. The spectral shape and intensity differ
slightly with the specimens. We measured also the PL spectra of an as-grown crystal as a
function of annealing time at 973 K in a reducing atmosphere. It has been found that the PL
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Figure 1. The photoluminescence spectra of SrTiO3 at different temperatures: (a) 7 < 37 K; (b)
T > 37 K. (c) The temperature dependence of the integrated intensity. The excitation laser fluence
was 0.079 mJ cm~2. The spectral integration was performed in a photon energy range between
2.9 and 1.77 eV.

intensity increases with increasing annealing time, while the PL intensity peak energy and
spectral width are slightly dependent on the annealing time. With increasing temperature, the
2.46 eV luminescence band grows more and then this band becomes together with the 2.40 eV
luminescence band, displaying an asymmetrical band centred at about 2.44 eV above 27 K. We
call this luminescence band the ‘B luminescence band’. On further increasing the temperature,
the B luminescence intensity continues to decrease, while a new luminescence band appears at
2.89 eV and becomes prominent, as seen in figure 1(b). We tentatively call this luminescence
band the ‘A luminescence band’. The A luminescence band seems to extend above 3.2 eV.
The A luminescence band grows to the detriment of the B luminescence and it is superior
to the B luminescence band above 58 K. The integrated PL intensity of the B luminescence
band is plotted against inverse temperature on a semi-logarithmic scale in figure 1(c). The



Photoluminescence and reversible photo-induced spectral change of SrTiO3 927

spectral integration was performed in a photon energy region between 2.9 and 1.77 eV. In this
figure, the maximum luminescence intensity is normalized to unity. As seen in this figure, the
luminescence intensity decreases gradually with increasing temperature to 25 K and, on further
increasing the temperature above 28 K, the intensity decreases exponentially. Approaching
43 K, the intensity becomes constant. Although such temperature dependence approaching a
constant has been not reported for SrTiOs, a slight sign of such constant intensity appeared
in the reported curve (figure 3(b): Hasegawa et al 2000), as some deviation from the curve
fitting to the data. The constant intensity is due to the A luminescence component which
grows gradually at high temperatures. Although the PL band consists of several luminescence
components as described above, we subtract the constant intensity from the data and we assume
a phonon-assisted non-radiative decay process for the observed B luminescence. Then, we
perform a curve fitting by using the well-known expression for the integrated PL intensity 7 (T),

1

I =17 Cexp(—AE/KT)’

1)

where C is a constant and AE is the height of an average potential barrier separating a
luminescent state from the ground state. In addition to such a phonon-assisted non-radiative
process, thermal ionization of luminescence states is also considered to participate in the
intensity decrease with increasing temperature. In such a case, AE may correspond to the
ionization energy. In the fitting, the data obtained above 40 K are taken off to avoid the effect
of the A luminescence. The best-fitted curve is obtained with a AE = 32 meV. The value
is slightly smaller than the value (43 meV) reported by Hasegawa et al (2000). At present,
it is not clear whether the difference arises from the specimen-dependent nature or from the
error in the specimen surface temperature measurements or from the manner of the curve
fitting—performed probably ignoring the effect of the A luminescence.

As seen in figures 1(a) and (b), a sharp luminescence band is also observed at 3.23 eV
which is close to the observed PLE edge (3.26 eV) and the reported indirect band gap energy
Eig‘ll (3.27 eV) of SrTiO3. We tentatively call this luminescence band appearing near the band
edge the ‘NBE luminescence band’. The steep rise above 3.26 eV is due to the parasitic
luminescence of the optical multichannel analyser used.

3.2. Photoluminescence excitation spectra of SrTiOs

The photoluminescence excitation (PLE) spectra of the same SrTiOj single crystal have also
been measured at different temperatures. Some of the spectra are selected and shown in figure 2,
in which the PL spectrum observed at 13 K is also shown. The luminescence intensity was
monitored at the intensity peak energy of the B luminescence band. The PLE spectrum displays
a sharp edge at 3.26 eV and a kink at 3.42 eV, which are close to the reported indirect gap
energy Eigd (3.27 eV) and the direct gap energy Eg (3.46 eV) of SrTiO3 (Capizzi and Frova
1970), respectively. The PLE spectrum indicates that the B luminescence is caused mainly
by the interband excitations. The energy difference of the B luminescence band from the
PLE edge is about 0.80 eV. The shape of the PLE spectrum differs in an energy region higher
than the PLE edge from the absorption spectra reported by Blazey (1971), Capizzi and Frova
(1970), Capizzi et al (1972), Cardona (1965) and Zollner et al (2000). Generally, there are
many crystal defects at the specimen surfaces where photoexcited states tend to decay non-
radiatively. Such a luminescence quench effect appears more prominently in an energy region
higher than the fundamental absorption edge. The excitation with photons above the band gap
energy produces energetic electrons and holes, which are eventually thermalized by emitting
phonons. Therefore, the PLE above the band gap is governed not necessarily by the direct
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Figure 2. The photoluminescence (PL), optical density (OD) and photoluminescence excitation
(PLE) spectra of SrTiO3 at 13 K. The luminescence is monitored at the peak energy (=2.45 eV) of
the B luminescence band. The OD spectrum at 13 K and the PLE spectra at different temperatures

are shown in inset (a) and inset (b), respectively.

quenching of highly excited electrons at defect sites but by the change in the probability of the
interaction of electron—hole pairs with defects.

As shown in inset (a) of figure 2, the OD spectrum has a faint tail below 3.2 eV. It is
found that the OD of the tail decreases with annealing in a reducing atmosphere. Although
the B luminescence band is well excited by the interband transition, the PLE spectra indicate
that the luminescence can also be excited even by photons having energies lower than indirect
gap. Under a 442 nm (=2.80 eV) laser light excitation, we have certainly detected the B
luminescence spectrum through a laser light sharp cut filter (HOYA: Y48). The B luminescence
can also be ascertained clearly by the naked eye through the same filter. Under the same
442 nm excitation, we have also found more intense luminescence for sintered SrTiO3; powder
compact specimens (Mochizuki and Fujishiro 2005). These results indicate that there are
different defect-related luminescent levels in the energy gap.

As seen in inset (b), the PLE spectral shape changes with increasing temperature,
except for the absorption edge profile. The suppression seen at photon energies higher than
3.7 eV becomes prominent with increasing temperature. The suppression may arise from the
temperature change in the probability of the interaction of electron—hole pairs with defects.

In the following sections, the observed energy difference (0.8 eV), together with the photo-
induced spectral change, will be discussed, and it will be concluded that the B luminescence
band comes from the extrinsic luminescent centres around which photo-generated carriers (free

electron or free hole, or both) are trapped.
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Figure 3. The photoluminescence decay profile of the B luminescence band of SrTiO3: (a)
log (PL intensity)—log ¢ plots at different temperatures, (b) log (PL intensity)—¢ plots at 14 K.
The photoluminescence was monitored at 2.45 eV. The 355 nm excitation laser fluence was
approximately 0.2 mJ cm—2.

3.3. The photoluminescence decay profile of SrTiO;

We have measured the luminescence decay curves of the B luminescence of the same SrTiO;
single crystal at different temperatures. The luminescence was monitored at an intensity peak
wavelength of the B luminescence band. Figure 3(a) shows the PL decay profiles of the B
luminescence at different temperatures. The PL intensity is plotted against time on a log—log
scale. The decay profile at 14 K is also displayed as a semi-log plot in figure 3(b). It is noted
that the crystal displays luminescence for times longer than several tens of milliseconds at
14 K. The profile at 14 K can be well expressed as a three-component exponential decay curve,

I(r) = Lyexp(—t/71) + L exp(—1/72) + I3 exp(—1/73), (2)
with the following parameters:
I, = 15.408, 71 =2.6533 x 1070 s, L = 11.134, T, =5.4218 x 10745,
I = 16.909, 73 = 2.8396 x 1073 s.

Since the photodetection system used for decay curve measurements has a long time constant
(about 1 us), the shorter lifetime component is not resolved. Therefore, the B luminescence
may arise from at least three kinds of luminescence centres.
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Figure 4. The excitation light intensity dependence of the photoluminescence spectrum of SrTiO3
at 13 K: (a) spectra under intense, medium and weak excitations; (b) the excitation laser fluence
dependence of the peak intensities of the near-band-edge luminescence (NBE) band and the B
luminescence band. The NBE luminescence peak energy and the B luminescence peak energy
are 3.2 and 2.4 eV, respectively.

Alternatively, the same decay data were examined with a power law (¢7"). It is found
that the curve cannot be uniquely expressed with the 1 =2 law (Tsang and Street 1979); rather
it has a r~!'=2 dependence. Hasegawa et al (2000) performed also decay curve fitting with the
t~" law, and they inferred suitability of the +~2 law for SrTiOs. However, a caution should be
required for result to differ greatly by which data points are selected for the curve fitting with
the power law.

At the present stage, the observed decay curve should be regarded obediently as an
exponential decay curve consisting of different components. The long lifetime component
may arise from some radiative transitions of different deeply trapped states. After stopping the
laser irradiation of the as-grown and annealed SrTiOj crystals, we frequently observed faint
phosphorescence lasting for several seconds, with the naked eye. Unfortunately, the decay time
of such a phosphorescence component (+ > 1072 s) cannot be determined from the decay
curve analysis, because the phosphorescence contribution to the decay curve is too small.

3.4. Photoluminescence spectra of SrTiOs under intense excitation

We have measured the PL spectra of the same SrTiOj3 single crystal at different excitation laser
fluences. A typical result is shown in figure 4(a). In figure 4(b), the peak intensities of the
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Figure 5. The photoluminescence of SrTiO3 under intense photoexcitation: (a) photoluminescence
spectra at different temperatures (7 < 39 K). The 355 nm excitation laser fluence was
0.93 mJ cm 2. (b) Near-band-edge (NBE) emission at 13 K. The 355 nm excitation laser fluence
was 12 mJ cm—2.

NBE and the B luminescence bands are plotted against laser fluence. Solid squares and hollow
circles correspond to the NBE luminescence and the B luminescence, respectively. Under
weak excitation, only a B luminescence band is observed. With increasing laser fluence,
the B luminescence intensity increases monotonically, and the NBE and A luminescence
bands appear. On the laser fluence further increasing up to 4 mJ cm~2, the B luminescence
attains a maximum, while both the NBE luminescence and the A luminescence become
prominent. On laser fluence exceeding 4 mJ cm~2, the B luminescence intensity begins to
decrease monotonically, while both the NBE luminescence band and the A luminescence band
continue to grow, degrading the B luminescence band. Incidentally, we have found that the
B luminescence intensity maximum appeared at 0.4 mJ cm ™2 for the sintered SrTiO3; powder
compact. This suggests that most of the B luminescence centres are at the specimen surface.

In order to study the NBE, A and B luminescence bands in detail, we have measured
the PL spectra at different temperatures under an intense excitation of 0.93 mJ cm~2. This
excitation intensity is enough to show up all of the luminescence bands. The results are shown
in figures 5(a), 6(a) and (b). We subtract the spectrum measured at 297 K from the spectrum
measured at 12 K, in an attempt to extract the B luminescence component. The difference
spectrum is given in figure 6(c). By comparing this spectrum with the spectrum (figure 1(a))
observed at the same temperature under a weak photoexcitation, it was found that the spectral
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Figure 6. The photoluminescence of SrTiO3 under intense photoexcitation (0.93 mJ cm~2): (a)
photoluminescence spectra at different temperatures (39 K < 7' < 159 K); (b) photoluminescence
spectra at different temperatures (159 K < 7' < 297 K); (c) the difference spectrum; (d) the
temperature dependence of the integrated intensity of the B luminescence band for weak and
intense excitations which were 0.079 and 0.93 mJ cm 2, respectively. The spectral integration was
performed in a photon region between 2.9 and 1.77 eV.

shape of the B luminescence band is almost independent of the photoexcitation intensity. With
temperature increasing up to 39 K, the B luminescence intensity decreases and then it disappears
at 39 K, while the NBE and A luminescence intensities are almost constant. With temperature
increasing above 39 K, the A luminescence band continues to grow more without changing
the spectral shape and then it attains a maximum at 159 K, while the NBE luminescence band
becomes weak with the spectral broadening and is merged in the A luminescence band at 198 K.
At present, it is not clear why such a phonon-assisted nature of the A luminescence band arose.
With the temperature further increasing above 159 K, the A luminescence intensity decreases.
This intensity decrease may be due to non-radiative traps. The PL spectrum measured at 297 K
was subtracted from that measured at different temperatures, and then the spectral integration
was performed over a photon energy range between 2.9 and 1.77 eV. The integrated intensities
thus obtained for the B luminescence band are plotted against inverse temperature, as hollow



Photoluminescence and reversible photo-induced spectral change of SrTiO3 933

T=13K: 4.0 mJ/em’ (a)

1400
1200
1000
800
600
400
200
0

PL intensity (arb. units)

32 30 28 26 24 22 20 1.8
Photon energy (eV)

1400 T T T T T T [N

T=13K: 10 mJ/em’

1200
1000
800
600

/

400 Ons - 2us

PL intensity (arb. units)

200 -

e
«50ns -1ms
o
o B I I 1 ;

32 30 28 26 24 22 20 1.8
Photon energy (eV)

Figure 7. The time-resolved photoluminescence spectra of SrTiOz at 13 K: (a) laser
fluence = 4.0 mJ cm™2; (b) laser fluence = 10 mJ cm 2.

squares, in figure 6(d). The data obtained for weak excitation, which are already shown in
figure 1(c), are also plotted as solid circles in this figure.

Under a high laser fluence (12 mJ cm~?), more detailed measurements were performed
also on the NBE luminescence and the A luminescence, using a high resolution monochromator.
This laser fluence is enough to show up the NBE and A luminescence bands. The result obtained
at 13 Kis givenin figure 5(b). As seen in this figure, the NBE luminescence band is on the rise
of the A luminescence band. The NBE luminescence peak is about 77 meV lower in energy
than the onset energy of the A band, and it is about 34 meV lower than the PLE edge energy.
The NBE luminescence band and the A luminescence have similar temperature and excitation
intensity dependences. This suggests that the NBE luminescence and the A luminescence have
the same origin.

Most of luminescent metal oxides show some photo-darkening effects under intense
photoexcitation. It is found that the PL spectrum and PL intensity of the SrTiO3 single crystal
used were almost unchanged, in spite of such intense 355 nm photoexcitation (14 mJ cm~2).

3.5. Time-resolved photoluminescence spectra of SrTiO;

Time-resolved photoluminescence spectra of the same SrTiO; single crystal have been
measured at 13 K under different excitation intensities. To study the time evolutions of
all of the luminescence bands, the measurements were performed under intense excitation.
The spectra obtained under excitations of 4.0 and 10 mJ cm™2 are shown in figures 7(a)
and (b), respectively. The measurement times, 74 and f,, are given by each curve. At the
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initial stage of photoexcitation, the laser light pulse is seen at twice the wavelength, 710 nm
(=355 nm x 2 = 1.745 eV), of each spectrum, which is common to every grating
monochromator. Both the NBE luminescence and the A luminescence disappear rapidly
within 50 ns after excitation. Taking account of the parasitic delay, timing jitter times of the
apparatus used and the actual laser pulse duration (<10 ns), the lifetimes of the NBE and A
luminescences are estimated to be less than 10 ns. The B luminescence band is growing over
time between 50 ns and 1 ms, and the spectral shape is almost unchanged with further increase
in time. The B luminescence observed between 50 ns and 1 ms is slightly shifted toward
the lower energy side of the B luminescence observed between 0 ns and 1 ms, as shown in
figure 7(a). The shift is due to the time integration effect on the PL intensity. The measured
intensity between g and f, is expressed as follows:

I([):Z/gr}ij(IIO)eit/Tjdt, (3)
j Y

where n;, N;(t = 0) and t; are the quantum yield, number and lifetime of jth luminescence
centre including the extrinsic and intrinsic luminescence centres, respectively. If the
luminescence centres responsible for the B luminescence band differ slightly in energy, a
small shift may be anticipated, as is in fact observed.

Both the PLE spectrum shown in figure 2 and these time-resolved spectra show clearly that
the B luminescence follows the NBE and A luminescence. The long lifetime luminescence,
continuing for more than several tens of milliseconds, like the B luminescence, is not peculiar to
SrTiO; but such long lasting luminescence is frequently observed for different metal oxides, for
example, ZrO, (Fujishiro and Mochizuki 2005). This indicates that the B luminescence cannot
necessarily be connected with the nature of the quantum paraelectric state. Such long lifetime
luminescence observed for different oxides is thought to arise from accidental recombination
of shallowly trapped electrons with distant holes localized around defects. In such a case, the
luminescence has slightly different long lifetimes, as seen in figures 3(a) and (b), and the B
luminescence spectral shape is almost unchanged with time, as seen in figures 7(a) and (b).

3.6. Reversible photo-induced spectral change in SrTiO;

When the same SrTiOj single crystal is irradiated with a CW 325 nm laser light at room
temperature in an evacuated chamber, the B luminescence intensity is enhanced to about
twice. Then, introducing oxygen gas into the specimen chamber, the intense PL state returns
to the original weak one under the same laser light irradiation, with increasing irradiation time.
Through many successive experiments, it was found that the spectral change is nearly reversible
under 325 nm laser light irradiation. After removing the 325 nm laser light irradiation, each
PL state is stored for a long time at room temperature under room light, regardless of any
changes of atmosphere. A typical example of the photo-induced spectral change obtained is
shown in figure 8. The experiments were carried out in the following order: (a) — (b) — (c)
— (d). Irradiation times #;, under a given atmosphere and the kind of atmosphere are indicated
by each curve. Irradiating under oxygen gas considerably decreases the PL intensity of the
specimens. In figure 9, the difference spectrum, curve 7 — curve 8, is shown. The PL spectral
change observed for the SrTiO; single crystal is mainly characterized by an intensity change
of the B luminescence band. A slight degradation of the PL intensity is observed, which may
be caused by some photo-induced non-radiative centres. The same experiments were carried
out by changing the wavelength of the irradiating laser light. No spectral change was observed
except for the CW 325 nm laser light. It was found that the speed of the change accelerates
on increasing the power density of the activating light.
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Figure 8. The photo-induced reversible spectral change of SrTiO3z at room temperature: (a) in
vacuum, (b) in oxygen gas, (c) in vacuum, (d) in oxygen gas. The experiments were carried out in
the following order: (a) — (b) — (c) — (d). Each irradiation was carried out for 60 min under a
given atmosphere. Each spectral change is indicated by an arrow. The 325 nm laser fluence was
0.79 W cm 2.

Similar photo-induced spectral change has been observed at different temperatures from
13 K to room temperature. The result obtained at 13 K in vacuum under irradiation with
325 nm laser light is shown in figure 10(a), as a typical result. The #; in vacuum is indicated
by each curve. The peak intensity is plotted against ;. in figure 10(b). With increasing ;, the
intensity increases and then tends to saturate at 90 min. The intensity increase is proportional
to £ (n < 1). It has been found that the magnitude of the spectral change for 60 min is nearly
independent of temperature. After stopping the laser light irradiation, the photoluminescence
intensity decreases slightly with increasing time and then reaches a steady state value, which
is a photomemory phenomenon.
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Figure 9. The difference spectrum for curve 7 and curve 8. Curves 7 and 8 are shown in figure 8.

Like for Sm;O3; (Mochizuki 2003), Eu,Os; (Mochizuki et al 2001), anatase TiO,
(Mochizuki et al 2003) and vitreous SiO, (Mochizuki and Araki 2003b), the observed spectral
transition may arise from photo-induced oxidation and photo-induced reduction.

3.7. Photoluminescence properties of as-grown SrTiO;

In order to elucidate the crystal defect effects on the photoluminescence more directly, we
have studied the reversible photo-induced spectral transition for an as-grown Verneuil SrTiO;
crystal at room temperature. The as-grown SrTiOj3 crystal is dark blue. The luminescence was
excited also with a 325 nm laser line of the He—Cd laser. The result is shown in figure 11(a).
Curve 1 is the spectrum of the as-grown crystal. The PL intensity of the as-grown crystal is
stronger than several thousands times that of the annealed crystal. The spectrum consists of at
least three luminescence bands, at 2.9, 2.3 and 2.2 eV. Curve 2 is the spectrum measured after
irradiating in oxygen gas for 60 min. Under 325 nm laser light irradiation in oxygen gas, the
PL intensity is decreased considerably. The degradations of the 2.3 and 2.2 eV luminescence
bands are especially prominent. The specimen chamber is evacuated again. Curve 3 and
curve 4 are the spectra measured at 60 and 480 min after beginning irradiation in vacuum,
respectively. Then, oxygen gas was introduced again into the specimen chamber. Curve 5 is
the spectrum measured at 840 min after beginning irradiation in oxygen gas. The integrated
PL intensity of curve 4 is increased more than 16 times compared with that of curve 5. In
figure 11(b), curve 4 is compared after rescaling curve 5 so as to fit to curve 4 at photon energies
higher than 2.8 eV. The rescaled curve is shown as curve 5. Like for the annealed transparent
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Figure 10. The photo-induced spectral change of StTiO3 at 13 Kin vacuum: (a) photoluminescence
spectra for 325 nm laser light irradiation; the irradiation time is indicated by each curve; (b) the
irradiation time dependence of the peak intensity of the photoluminescence. The 325 nm laser
fluence was 0.79 W cm 2.

SrTiOs crystal, an A-like luminescence appears in the as-grown crystal: compare curve 5 in
figure 11(a) with curve 8 in figure 8(d) and the curve observed at 297 K in figure 6(b). To deduce
the information on the B luminescence observed in the annealed SrTiO; crystal, the difference
spectrum (curve 4 — curve 5’) was calculated; it is shown in figure 11(b). We can find a broad
luminescence band centred at 2.3 eV, which is slightly shifted to the lower energy side of the
B luminescence band of the annealed crystal. It is noted that the B luminescence intensity
for the as-grown and the annealed crystals can be varied by 325 nm laser light irradiation in
vacuum and in oxygen gas. Since the light penetration depth is very small at 325 nm for
SrTiO3 (Zollner et al 2000), the observed spectral change of the B luminescence band could
be closely related to the change of surface electronic states.

Using the same as-grown crystal, we have measured the photoluminescence spectra at
different temperatures under an intense excitation (14 mJ cm~2). As a typical result, the
spectrum obtained at 12 K is shown in figure 12. The spectrum obtained at 13 K under the
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Figure 11. The photo-induced reversible spectral change of as-grown SrTiO3 at room temperature:
(a) photo-induced spectral change for replacing specimen atmosphere, (b) comparison of curve 4
with curve 5. The 325 nm laser fluence was 0.79 W cm ™2,

same excitation intensity for the annealed crystal is also shown; this was already shown in
figure 4(a). The NBE and A luminescence are considerably enhanced in the as-grown crystal.
The fine structure and PL intensity of the NBE luminescence band depend on the annealing
time. The results suggest that the NBE and A luminescence are assisted by crystal defects.

3.8. Miscellaneous

We have measured the PL spectra of sintered SrTiO3 powder compacts at different temperatures
and different laser fluences. The powder specimens show clearly the NBE, A and B
luminescences. The NBE and A luminescences remain at room temperature, while the B
luminescence disappears above 40 K. Most of the PL properties were very similar to those
of single-crystal specimens. Like for other luminescent oxides, the powder compacts were
less luminescent and their luminescence decay lifetimes were shorter than those of the single
crystals. The main difference between the cases for the powder compacts and the single
crystals is that the B luminescence of the powder compacts saturates at lower laser fluence

(approximately 0.5 mJ cm~2), while that of the single crystals saturates at 4 mJ cm 2.
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Figure 12. The photoluminescence spectra of the as-grown dark blue and annealed
transparent SrTiO3 crystals at about 13 K under an intense 355 nm photoexcitation (laser
fluence = 14 mJ cm—2).

4. Discussion

4.1. The reversible photo-induced spectral change

The present experimental results on the reversible photo-induced spectral change of SrTiO;
single crystal may be summarized as follows.

(1) The photo-induced reversible spectral change between weak PL and intense PL can be
observed at different temperatures, from 13 K to room temperature. The spectral change
takes time. The speed of the spectral change is nearly independent of temperature but it
increases with increasing light intensity.

(2) The spectral change tends to saturate at a long light irradiation time (more than 90 min).

(3) The spectral change is induced by changing the specimen atmosphere between oxygen
gas and vacuum only under a CW 325 nm laser light. On the other hand, intense pulsed
355 nm laser light (14 mJ cm~2) never induced such spectral change.

(4) After removing the 325 nm laser light irradiation, each PL property persists for a long time
even at room temperature under room light, regardless of any changes of atmosphere.

The result (1) indicates that the observed photo-induced spectral changes are purely
electronic phenomena and they are not phonon-assisted ones. The result (1) indicates also that
the B luminescence is an extrinsic luminescence due to the luminescence centres introduced
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by a CW 325 nm laser light. Since the 325 nm (=3.81 eV) laser light never dissociates
directly free O, molecules, the result (3) indicates that the phenomena arise from the photo-
induced associative detachment and photo-induced dissociative adsorption of O, molecules
near the SrTiO; surface. In this case, photoexcited SrTiO3 crystal acts as a photocatalyst for
decomposing O, molecules and also as an oxygen reservoir. The results also summarize how
spectral change arises naturally from photo-activated oxidation and reduction.

Although some chemical heterogeneity on the surface has been pointed out for the surfaces
of SrTiOs crystal reduced and oxidized at high temperatures (Szot ef al 1997, Szot and Speier
1999), we discuss tentatively the observed photo-induced spectral changes at room temperature
by regarding the measured SrTiO; crystal as chemically homogeneous, as follows. The
chemical heterogeneity effects will be discussed in the next subsection. The reduction of
the SrTiO; surface under a CW 325 nm laser light in vacuum may be accompanied by the
creation of electron-captured oxygen vacancies V), as follows:

(0% in lattice) + (CW 325 nm photon) — V{, + (two electrons) + %02, 4)

where Kroger—Vink notation is used (Kroger and Vink 1956). Using a local spin density
approximation plane wave pseudopotential method, Astala and Bristowe (2001) have shown
that the doubly positively charged state is the most stable. This is in good agreement with
the experimental result that oxygen deficiency in SrTiOs; enhances the electrical conductivity
(Jourdan and Adrian 2003) even at low temperatures. This means that most of the electrons
around oxygen vacancies are released and, therefore, such oxygen vacancy sites are relatively
positively charged. Therefore, the oxygen vacancies tend to trap photo-generated electrons.
On the other hand, several authors (Henrich et al 1978, Cord and Courths 1985, Kimura et al
1995) proposed another type of defect at the SrTiO3 surface as follows:

(O*~ in lattice) + (CW 325 nm photon) — (Ti3+—V6—Ti3+) complex + %Oz. 5)

In the complex, the Ti** ions act as hole traps, while the vacancy V{ tends to trap electrons.
For SrTiO; crystal, it is known that electrons determine the transport properties, for example,
electrical conductivity and photoconduction, well, while no phenomena related to holes have
been observed. Thisindicates that holes are almost trapped around crystal defects. Incidentally,
the high dielectric constant (several tens of thousands) of SrTiO;3 crystal suppresses, creating
excitons (ex). Toyozawa (1983) proposed three types of symmetry-breaking instability for
excitons in the phonon field and, when the electron and the hole have deformation potentials
of opposite sign, decomposition into a pair of self-trapped particles occurs. In other words,
the instability of an exciton leads to lattice decomposition into an electron centre (an anion
vacancy) S. and a hole centre (an anion interstitial) Sy, if the exciton is formed in the bulk.
On surfaces, the hole centre is emitted from the surface, thus leaving only the electron centre.
Therefore, such exciton instability may result in oxygen desorption at SrTiO; surfaces in
vacuum and the oxygen vacancies thus produced give rise to B luminescence. Similar
desorption has already been discussed for photo-induced breaking of the Si—O bond in a
silica (Shluger and Stefanovich 1990). By a quantum chemical calculation, Eglitis et al
(2004) has demonstrated that the chemical bonding of the perovskite structure contains a
considerable covalent component, like the case for silica. It is noted that CW 325 nm laser
light is indispensable for spectral change due to the photo-induced oxidation and reduction
in SrTiO;. The CW laser fluence in the present experiments was at most 0.8 W cm ™2, and
therefore any bond-breaking mechanism based on the instability under high density excitation
may be excluded from the present discussion. Unlike the case for alkali halides, a single
interband excitation never induces the desorption of surface atoms in semiconductors, since
the binding energy of atoms is larger than the energy gap. In such photoexcited semiconductor
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cases, only atoms around crystal defects at the surfaces can be released (Puchin ez al 1993, Itoh
etal 1995, Itoh 1995, Itoh and Stoneham 2000, Song and Williams 1993). Astala and Bristowe
(2001) calculated the oxygen vacancy formation energy of about 7 eV, which is approximately
twice the bulk energy gap and slightly smaller than twice the CW 325 nm He—Cd laser photon
energy, at the TiO,-terminated (100) surface of SrTiO3. Both the oxygen defects (for example,
Ti**—~O{~Ti** and OY)) inherent to SrTiO5 surfaces and the infinite continuity of the laser light
may enable the 325 nm laser photons to release O, molecules from the surface. Incidentally,
pulsed 355 nm laser light (the pulse width is 4-5 ns), although the photon energy is close to that
of the CW 325 nm laser light, never induced spectral change even at 14 mJ cm™2, as a result
of (3). Besides the surface defects, a small amount of OH™ ions introduced inevitably during
crystal growth by the Verneuil method should also be taken into account for the photo-induced
spectral change. Incidentally, Ohmukai et al (1999) have observed a 126 nm laser-induced
bond breaking and some polycrystalline precipitates on a SiO, glass. We could not detect any
light scattering due to precipitates on the 325 nm laser light irradiated SrTiO3 crystal.

It has been said that the desorption via such an excited state occurs within 10~13 s after
laser pulse incidence. However, it is found that a relatively long time (more than 90 min) is
taken to complete the spectral change in SrTiOs, as a result of (2). This indicates that the
photo-induced oxygen desorption probability is very low at the SrTiO3 surface. The observed
saturation tendency with further increasing #;; suggests that photo-induced oxygen defects
increase the potential energy of the light irradiated surface. In such a case, equilibrium may
be realized in a system composed of matter (StTiO3 crystal) and a radiation field. It can be
assumed that the intensity, coherency and continuity of laser light determine the degree of
fluctuation in the system and the dynamics of photo-induced spectral change. Unlike the case
for a pulsed laser light, the possibility of successive electronic excitation is not ignored for
CW laser light. More detailed experiments with varying frequency, pulse width and duty ratio
of a periodic laser light pulse are in progress in our laboratory.

In relation to the UV laser light-induced oxygen defects and white luminescence, it
should be noted that the crystals (for example, LaAlO3;) grown by light heating methods
(for example, the floating zone methods and the arc furnace method) display intense white
luminescence. During the growth, the crystals are exposed to intense ultraviolet radiation
and, therefore, oxygen defects may be produced, exhibiting oxygen defect-related white
luminescence between 3 and 2 eV (Kawabe et al 2000).

4.2. The B luminescence band

The present experimental results on the B luminescence of SrTiO; single crystal may be
summarized as having the following features.

(1) The broad B luminescence band is observed well under band-to-band excitation
(>3.27 eV) in SrTiO3; with a large energy shift (0.80 eV). Although the quantum yield
is small, the B luminescence is also observed under a 442 nm (=2.80 eV) laser light
excitation.

(2) The B luminescence intensity is considerably increased by photo-induced reduction with
325 nm (=3.81 eV) laser light irradiation in vacuum.

(3) The PL intensity increases with progressive annealing in a reducing atmosphere. The
intensity peak energy and spectral width of the B luminescence depend on annealing
history.

(4) The B luminescence decay curve consists of at least four components. The
phosphorescence component lasts for at least several seconds. It is hard to fit the decay
curve uniquely to a power law time (1) dependence.
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(5) With increasing temperature, the B luminescence intensity decreases, increasing the NBE
and A luminescence bands. The B luminescence of both the single crystal and the powder
compact disappeared above about 40 K.

(6) With increasing excitation intensity, the B luminescence intensity increases. On further
increasing the excitation intensity, the B luminescence intensity attains a maximum at
about4 mJ cm~2 and then decreases, increasing the NBE and A luminescence bands. The
SrTiO; power compacts display the B luminescence intensity maximum at approximately
0.5mJ cm™2.

Feature (1) indicates that the B luminescence arises from several kinds of PL mechanisms.
Both feature (2) and the feature (3) indicate that oxygen deficiency is a main cause of B
luminescence. Feature (4) indicates that the deviation from stoichiometry creates different
types of defect which give different luminescence centres and traps. Most workers have been
studying SrTiOj3 crystals produced by the Verneuil method. Unfortunately, the compositional
deviation of the crystals produced by the Verneuil method is known to be between 10~2 and
10~* even for simple transition metal oxides (MnO, CoO, NiO and TiO,). The chemical
purities and isotope separation of the constituent elements (especially strontium and titanium)
are not necessarily satisfactory and therefore most of the available SrTiO; crystals are at most
99.99% pure. These are problems common to many transition metal oxides. Moreover, since
a flame consisting of H, gas and O, gas is used for the Verneuil crystal growth process, some
contamination due to OH™ ions may be inevitable. Feature (6) indicates that most of the
B luminescence centres are at the specimen surface. Ignoring the above-described chemical
impurity effects and noting only the effects due to the deviation from SrTiO3 stoichiometry,
we will discuss the results of the PL. measurements.

We first discuss the excited states created in SrTiOj5 crystal by the third harmonics (355 nm)
of the pulsed Nd**:YAG laser. Unlike CW 325 nm laser light, this 355 nm laser light never
induced the spectral changes discussed in the previous subsection. The valence and conduction
bands of SrTiO3 mainly consist of the 2p orbits of O?>~ ions and the 3d orbits of Ti** ions,
respectively. Therefore, the fundamental absorption transfers the electron from the O~ ion
to the Ti*" one. After such photoexcitation, some of the photo-produced electrons and holes
recombine directly, displaying luminescence via some processes with short lifetime. However,
perfect SrTiO3 crystal is an indirect gap semiconductor and, therefore, the PL intensity is so
weak that it cannot be measured. Another portion of electrons and holes may be trapped by
intrinsic crystal defects at the surface and by the defects related to the deviation from the
stoichiometry. In such a case, the PL property differs with the type of defect and also with the
sites of defects, as follows.

4.2.1. Oxygen defects at the surface and in the bulk. Stashans and Vargas (2001) have
calculated structural and electronic properties of the F centres (two electrons trapped by an
oxygen vacancy) in SrTiOs, as have Astala and Bristowe (2001). The results indicate that
the wavefunctions of the two extra electrons extend over the titanium atoms closest to the
two vacancies and over other nearby atoms, which is the same as the Ti**—oxygen vacancy
complex model proposed by Henrich et al (1978), Cord and Courths (1985) and Kimura et al
(1995). In other words, most of the oxygen vacancies are Ti**—oxygen vacancy complexes
in real SrTiOs crystal. In this complex, Ti** ion is one of the candidate hole-trapping centres
and the oxygen vacancy is one of the candidate electron-trapping centres. Since electrical
conduction due to holes is not observed, most of the photo-generated holes may be deeply
trapped at Ti** sites of the complexes. Unlike such holes, photo-generated electrons may
be itinerant, experiencing repeatedly collisions with phonons and trapping by oxygen defects.
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When some portions of photo-generated holes and electrons are trapped at distant complexes, a
luminescence arises from accidental recombination of shallowly trapped electrons with distant
holes localized around the defects, exhibiting a long lasting luminescence. Taking account of
the electronic conductivity, both the absorption tail in the OD spectrum shown in the inset (a)
of figure 2 and the energy difference of 0.80 eV may guarantee the existence of such deeply
trapped hole states and shallowly trapped electron states. The broadness of the OD tail shown
in the inset (a) of figure 2 suggests that such hole trap levels and electron trap ones arise
from many slightly different defects. Using ultraviolet photoemission spectroscopy (UPS),
Henrich et al (1978) found that the Fermi level of the fractured SrTiO3 lies about 3 eV above
the top of the valence band, which places it within 0.1 eV of the bottom of the conduction
band. Also, they observed surface sensitive band gap emission band at energies between the
top of the valence band and the Fermi level. These UPS results confirm also the existence of
band gap states of the SrTiO; surface. Thus, the energy difference of 0.8 eV may correspond
to the average energy difference between the shallow electron trap levels and the deep hole
trap levels in the band gap. Since the observed luminescence decay curve was expressed as
a multi-component exponential curve (at most four components), the overlapping between
electron and hole wavefunctions is thought to be almost time independent.

With increasing laser fluence, the numbers of photo-generated electrons and holes increase
and then the PL intensity may increase. With further increasing laser fluence, photo-generated
electrons and holes become diffused more rapidly inside the crystal (bulk), and therefore the
PL intensity decreases, as shown in figures 4(a) and (b). This is why the PL intensity maximum
appears at 4 mJ cm 2. In other words, this means that most of the defect luminescence centres
are at the specimen surface. Since a powder specimen has a large specific surface area, a
SrTiO; powder specimen may exhibit a PL intensity maximum at the laser fluence smaller than
that of the single-crystal specimen. This suggestion was certainly confirmed by the present
experimental result that the PL intensity maximum of the B luminescence for the powder
compacts appeared at laser fluences (approximately 0.5 mJ cm~2) lower than that (4 mJ cm~2)
observed for the single crystal. On the other hand, the luminescence arising from the defects in
the bulk is thought to saturate at higher laser fluence. In addition to these defect effects, it should
be taken into consideration that, at higher laser fluence, the recombination of photo-generated
electrons and holes is enhanced and therefore it also reduces the luminescence intensity.

4.2.2. Chemical heterogeneity in the surface region. As stated in the previous sections, a
colourless transparent SrTiO3 single crystal is obtained by thermally annealing dark blue as-
grown crystal at high temperature under an appropriate reducing atmosphere. Although it is
colourless and transparent, the crystal is thought to be affected to some extent by such annealing
treatment. In particular, it has been reported that the surfaces of reduced and oxidized SrTiO;
contain not only the above-described oxygen defects but also Ruddlesden—Popper phases
(Ruddlesden and Popper 1957, 1958). The combination of x-ray diffraction analysis with
surface sensitive techniques has revealed a chemical inhomogeneity in the surface region of
single crystals of SrTiOs prepared under low and high partial pressures of oxygen at elevated
temperatures (Szot et al 1997). A solid state reaction leads to the formation of a multilayer-
type structure. For oxidized crystals, they observed SrO-rich Ruddlesden—Popper phases at
the surface and Magnelli phases of Ti in deeper layers of the surface region. The order of
the layered structure is reversed for the reduced crystals, with Ti oxides of different oxidation
levels at the surface and Ruddlesden—Popper phases in lower parts of the surface region.
Measurements by atomic force microscopy are also reported for the (100) and (110) surfaces
of SrTiOj3 single crystals prepared with different oxidizing and reducing conditions at elevated
temperatures (1073-1273 K) (Szot and Speier 1999). The morphology of the surfaces turns
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out to be drastically altered for both oxidized and reduced crystals in comparison with the
original stoichiometric surfaces. The observed changes on the surface of SrTiO3 due to the
applied extensive thermal treatment cannot be explained by the formation of point defects,
relaxation of the uppermost surface layer, rumpling or reconstruction due to vacancy ordering.
Instead, the results have to be interpreted in terms of segregation processes and solid state
reactions at elevated temperatures, which cause the formation of new chemical phases on the
surface and in the region underneath. On the surface of oxygen-annealed SrTiO3, this leads to
the growth of steps perpendicular to the surface with step heights larger than the unit cell of
the perovskite structure. Crystals prepared above 1173 K are shown to exhibit a step height of
1.18 nm which is attributed to the formation of a Ruddlesden—Popper phase SrO*(SrTiO3),,
with n = 1 on the surface. In the case of reduced crystals, the topographic changes on the
surface are caused by the formation of Ti-rich phases such as TiO and Ti,O on the surface
above 1173 K. The complex interplay of the processes at the surface for different temperatures,
in particular its dependence on the details of the heat treatment, is discussed. The induced
chemical heterogeneity of the surface and in the near-surface region is interpreted in terms of
a kinetic demixing.

Certainly, as shown in figures 11(a) and (b), we observed complicated spectral change
under CW 325 nm laser light irradiation in oxygen gas and vacuum for the as-grown SrTiO;
crystal, which cannot be explained entirely by the simple oxygen point defect model. Since
the as-grown crystal has a higher light absorption coefficient than the colourless annealed
crystal, the observed spectral change may be more affected by the surface crystal defects,
including the chemical heterogeneity (for example, Ruddlesden—Popper phases) in the surface
region.

Bearing these chemical heterogeneities in mind, we have measured the PL properties
of the as-grown crystal at different stages of annealing in a reducing atmosphere and also
measured those of a colourless transparent stepped TiO,-terminated SrTiOs3 crystal whose
step height is 0.4 nm. The detailed results will be reported in a separate paper (Mochizuki
and Fujishiro 2005). The results are summarized as follows. The low temperature PL spectral
structures of these crystals are almost the same as those of the colourless transparent (100) faced
crystal, apart from the PL intensity. However, with progressive annealing, the dark blue colour
becomes weak, the intensities of the NBE, A and B luminescence bands decrease and the lower
energy tail of the PLE for the B luminescence becomes weak. Moreover, the excitation laser
fluence giving the B luminescence intensity maximum (we call this fluence Fy,,x) increases
with progressive annealing. Like that for the as-grown crystals, the F,x for the stepped
TiO,-terminated SrTiO; crystal decreases considerably in comparison with the Fp,x for the
colourless transparent SrTiO; crystal. The observed change in Fy,,x may be due to the change in
the probability of electron—hole pairs with surface defects arising from chemical heterogeneity.
We have observed also at least five broad optical absorption bands at about 2.9 eV, about 2.4 eV,
about 2.1, 1.6 eV and about 0.9 eV for the as-grown crystal at different annealing stages. The
dark blue colour of the as-grown crystal is attributed to this spectral structure in which the blue
colour wavelength range is a spectral window. With progressive annealing, these absorptions
decrease in intensity. These optical absorption bands may be assigned to oxygen defects and
some chemical heterogeneity (Szot et al 2002). The broad OD tail observed for the colourless
transparent crystal is thought to be a trace from these absorption bands; see the inset (a) of
figure 2 in the present paper and the figure 4 in the paper reported by Szot et al (2002). In
order to clarify the optical excitation in the Ruddlesden—Popper phases, more detailed surface
sensitive spectroscopic measurements (for example, reflectivity and PL measurements under
total reflection conditions) and morphological and structural measurements for the as-grown
crystals at different stages of annealing are now in progress in our laboratory.
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Taking account of these studies on different kinds of defects in the real SrTiO3 crystal
grown by the Verneuil method, we thus assign the B luminescence band to the radiative decay
of the crystal defect-related excited electronic states. Alternatively, it is theoretically assumed
that a long lasting luminescence arises also from some forbidden transition, and therefore we
cannot ignore the contribution from de-excitation of some triplet excited states. Previously,
many workers have discussed the long lasting B luminescence on the basis of intrinsic self-
trapped electronic (exciton) states, ignoring the effects of crystal defects. As discussed above,
it should now be apparent that defect effects are important for such self-trapping, and more
careful consideration of them is necessary for deducing the intrinsic nature of SrTiO3 from
experimental data.

4.3. The NBE and A luminescence bands

Both the NBE luminescence and the A band luminescence have the following features:

(o) Both luminescences become prominent under higher excitation intensity and do not
saturate under intense excitation (14 mJ cm~2). They grow to the detriment of the B
luminescence with increasing excitation intensity.

(B) With increasing temperature, both luminescences become prominent to the detriment of
the B luminescence and survive even at high temperatures. The spectral structures of the
two luminescences at room temperature are hardly changed by changing the excitation
laser wavelength from 325 to 355 nm.

(y) Both luminescences are considerably enhanced in the as-grown crystal.

(8) Both luminescences appear near the band edge energy region and have very short decay
times (<50 ns).

Feature («) indicates that both the NBE luminescence and the A luminescence arise not from
a small number of impurities and crystal defects, but from numerous luminescent species.
Feature (B) indicates also that the NBE and A luminescence centres are stable at high
temperatures, without any thermal exhaustion. This feature indicates that both luminescences
are assisted by phonons. Feature (y) indicates that the luminescence is emission assisted by
crystal defects. Together with the features («), (8) and (y), feature (6) suggests that the two
luminescences arise from the same origin and are assignable to some kind of electron—hole
recombination emission assisted by crystal defects and phonons.

We discuss these luminescence bands from two different viewpoints as follows. The
frequency shift of the NBE luminescence band from incident 355 nm laser light is about
2207 cm~!. This is too large for assigning this band to non-resonant Raman scattering (Sirenko
etal 1999). Non-resonant Raman scattering in a cubic centrally symmetric crystal is forbidden
by the odd parity of the optical phonons of Fj, symmetry, and therefore cubic SrTiO3 crystal
displays weak broad Raman spectrum due to second-order Raman scattering in which two
phonons are involved in the scattering process. In the tetragonal phase below 105 K, the
phonon mode splits into two Raman-inactive modes of A, and E, symmetry. When crystal
defects (impurities and vacancies) are introduced (Kleemann et al 1997) or when uniaxial
external fields (electric field and stress) are applied (Akimov et al 2000, Worlock and Fleury
1967), these first-order Raman-inactive modes can be observed only below 1000 cm~'. They
cannot explain the observed large frequency shift (about 2207 cm ') of the NBE luminescence.
On the other hand, since the photon energy of the incident 355 nm (=3.49 eV) laser light is
close to the reported direct gap energy (=3.47 eV; Capizzi and Frova 1970) and the observed
PLE edge energy (=3.26 eV), we have to take account of the resonant Raman scattering effects.
In this case, the Raman spectrum may display several resonance lines due to the scattering by
different phonons near the direct and indirect gap energies, together with other critical points of
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the interband transitions (Cardona 1982). As is well known theoretically, the resonant Raman
process involves effects due to different intraband and interband scatterings, which display a
broad resonance. If we regard the NBE and A luminescences as a result of such resonance
Raman scattering, the phonon energy may be estimated from the difference between the indirect
band edge energy (PLE edge energy = 3.26 eV) and the NBE luminescence peak energy (=
3.23 eV): the estimated value is 30 meV (=242 cm™!), which is comparable to the transverse
optical phonon frequency. Further discussion on the basis of such resonant Raman scattering
requires measurements at different incident wavelengths and information about the chemical
heterogeneity and defect effects on the Raman scattering.

Next, we discuss the NBE and A luminescence bands as follows. The NBE and the A
luminescences were seen even at high temperatures, and they do not exhibit any PL intensity
saturation under higher excitation intensity. Although an explanation with so-called donor—
acceptor pair (D—A pair) luminescence due to unwanted impurities is frequently given for
the intense broad luminescence band with intensity peaks for semiconductors, such D-A
pair luminescence related to inevitable impurities may saturate under intense photoexcitation
because of the limited numbers of donors and acceptors. Moreover, the luminescence intensity
decreases remarkably with increasing temperature. Moreover, such a luminescence spectrum
for D—A pairs related to unwanted impurities is thought to be time resolved, since separations
between donors and acceptors differ. Therefore, we can ignore the contribution from the
impurity-related D—A pair luminescence in the present discussion.

Now, we note that, since ideal SrTiO; crystal has an indirect gap, the crystal does not exhibit
directly any intense intrinsic edge emission. When crystal defects giving shallow levels are
introduced at the surface, a PL process becomes possible. We note moreover that the NBE
and A luminescence bands are observed even at high temperatures under intense excitation
and that these luminescence bands are considerably enhanced for the as-grown crystal, as seen
in figure 12. Therefore, we regard the observed NBE and A luminescence bands as defect-
induced edge luminescence (emission) ones, in which processes different phonons are created.
The NBE luminescence band having a shift of 242 cm ™! may be assigned to one of the optical
phonon lines. A zero-phonon line anticipated at 3.26 eV is thought to be buried in the rise
of the A luminescence band. The full width at half-maximum (FWHM) of the NBE band
is about 30 meV. Such a large FWHM is thought be due to some structural inhomogeneity
and damping. It is noted that the A luminescence displays an almost smooth and continuous
band. This suggests that, besides optical phonons, many longitudinal and transverse acoustic
phonons are created during electron—hole recombination.

5. Conclusion and remarks

In summary, we have investigated the reversible PL spectral change and the basic PL properties
of as-grown and annealed SrTiOs single crystals, together with sintered SrTiO; powder
compacts, at different temperatures from 12 K to room temperature. Three luminescence bands,
NBE, A and B, are observed around 3.2, 2.9 and 2.4 eV, respectively. The B luminescence
intensity changes with CW 325 nm laser light irradiation in oxygen gas and a vacuum. This
result indicates that the B luminescence is not intrinsic luminescence but results from radiative
decays of the oxygen defect-related photoexcited states and the chemical heterogeneity in
the surface region. The NBE and A luminescences remain at high temperatures and they do
not saturate under high density photoexcitation (at least 14 mJ cm~2). Their PL properties
(temperature dependence, excitation intensity dependence and time dependence) suggest that
the NBE luminescence and the A luminescence arise from the same origin. Taking account
of crystal defects, the NBE and the A luminescence are discussed qualitatively from two
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Figure 13. Some of the possible photoluminescence processes in real SrTiO3 crystal. The solid
arrow and dotted arrow indicate the optical absorption and radiative transition, respectively. The
hollow arrow and double arrow indicate the luminescence and phonon creation, respectively. E;“;d
and ey denote the indirect gap energy and the shallow electron trap level, respectively. For the
accidental recombination model, the short dotted arrow and the broken arrow indicate the electron
trapping and hole trapping, respectively.

different viewpoints: defect-induced resonant Raman scattering and defect-induced electron—
hole recombination luminescence accompanying creation of phonons. At present, we do not
exclude the possibility of other explanations. Although it constitutes a difficult problem, the
surface defect structure and the defect-induced effects on the resonant Raman scattering and
the edge luminescence (edge emission) should be considered in more detail.

A tentative energy diagram showing some of the possible PL processes in real SrTiO3
crystal containing crystal defects is given in figure 13. The solid arrow and dotted arrow
indicate the optical absorption and radiative transition, respectively. The hollow arrow and
double arrow indicate the luminescence and phonon creation, respectively. eq; indicates a
shallow electron trap. For the accidental recombination model, the short dotted arrow and the
broken arrow indicate the electron trapping and hole trapping, respectively.

Incidentally, Pontes er al (2002) found intense PL in amorphous SrTiO; at room
temperature under 488 nm (=2.539 eV) radiation from an Ar* ion laser. They ascribed the PL.
excited by low energy photons to non-bridging oxygen defects, for example, TiOs. Study of
how the non-bridging oxygen defects enhance the PL in amorphous SrTiOj is also helpful in
discussing the PL properties of real SrTiO;3 crystal surfaces.

Finally, more detailed PL measurements, with excitation laser wavelengths varying around
the band gap energies, on different annealing stages of SrTiOj3 crystals are now progress in our
laboratory. Experiments with chopped laser light with different duty ratios on the reversible
photo-induced spectral change are also now in progress. The results will be reported in a
separate paper.
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Abstract

Agl-ZrO, fine particle composites were fabricated over a wide composition range of Agl. We have measured the X-
ray diffractograms and photoluminescence properties of the composites, together with those of pristine Agl and pristine
ZrO, fine particles. The results give the information about the atomic structure of Agl/ZrO, interfaces, which may

provide the pathway for the high ionic conduction.
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The ionic conductivity of Agl is considerably
enhanced by adding oxide fine particles [1,2]. It is
frequently assumed that highly conductive layers
are created at Agl/oxide fine particle interfaces.
However, it is difficult to clarify experimentally the
atomic structure of the interfaces. In order to
investigate such interface structure, the photolu-
minescence (PL) study is effective. Besides Agl [3],
most oxides also show structure-sensitive PL. Very
recently, we have fabricated Agl-ZrO, composites
and observed considerable conductivity enhance-
ment [4]. In the present paper, we report the
structural and PL studies on Agl-ZrO, compo-

*Corresponding author. Tel./fax: +81353179771.
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(F. Fujishiro).

sites, and we discuss the structure of Agl/ZrO, fine
particle interfaces.

Agl-ZrO, composites were prepared by mixing
Agl powder (99.999%, Alfa) and ZrO, powder
(>98%, Aldrich) with an average diameter of
26 nm, compressing uniaxially the mixture under
0.2GPa for 30min into pellets and then heating
the pellets in the lidded crucible at 673 K in air for
12h. The composite pellets were characterized by
the X-ray diffraction analysis with CuKa,; radia-
tion. The third harmonics, 4 =355nm (=
3.49¢eV), of a pulsed Nd*"—YAG laser light was
used to excite PL.

Fig. 1 shows the X-ray diffractograms of
different (x)Agl—(1-x)ZrO, composites. All of
the diffraction lines observed for a pristine ZrO,
(x=0) specimen are assigned to the monoclinic

0022-2313/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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phase, except for the tetragonal phase line at 30.2°.
Since the diffraction line widths are hardly
changed with adding Agl, the average size of
ZrO, particles in the composites is thought to be
almost the same as that of the starting material
powder. On further increasing x, the Agl diffrac-
tion lines become pronounced. The diffraction
intensities of the SAgI(100) line at 22.3° and
PAglI(200) line at 45.6° are considerably enhanced
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Fig. 1. The X-ray  diffractograms for  different
(x)Agl-(1—x)ZrO, composites at 297 K.
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Fig. 2. The PL spectra for different (x)Agl—(1—x)ZrO,
composites at 12 K.

in comparison with other Agl-based composites
[1], which may be due to preferred-orientations.
The PL spectra for different (x)Agl—(1—x)ZrO,
composites at 12K are shown in Fig. 2. The
excitation laser fluence I, was 0.066 mJ/cmz.
Pristine ZrO, shows a broad PL band centered
at about 2.9¢V. The PL peak energy depends on
the excitation photon energy E., as shown in
Figs. 3(a) and (b). Adding small amount
(0.1< x £0.2) of Agl, the intensity of the broad
PL band decreases extremely, and a new PL band
appears at about 2.80eV. At x =04, two PL
bands appear at 2.89 and 2.83¢V. On further
adding Agl (0.6< x <0.8), another new sharp PL
band appears at 2.94¢eV, accompanying by some
weak PL bands at its lower energy side. The
2.94 ¢V band is assigned to the radiative decay of
free excitons (FE) in Agl domain [3]. At x=1,
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Fig. 3. (a) The PL spectra of pristine ZrO, excited with various
E. at 13K; (b) the PL peak energy plotted against E.; (c) the
PL and PLE spectra for pristine ZrO, at 13 K.
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namely, pristine Agl, besides the free exciton
emission, more intense PL bands grow at 2.89
and 2.86¢eV. These intense PL bands are assigned
to radiative decays of excitons trapped around
defects and grain boundaries in Agl specimen.

In pristine ZrO, (x=0), we have found that the
PL intensity peak energy depends on E.,, as shown
in Fig. 3(a). The PL intensity peak energy is
plotted against E., in Fig. 3(b). It is noted that
each PL spectrum is considerably Stokes-shifted,
which indicates that there are different localized
electronic states in the energy gap (5.8 eV) of ZrO,.
The PL and PL excitation (PLE) spectra are also
shown in Fig. 3(c). The PLE curve « is monitored
at 2.99eV, which corresponds to the PL intensity
peak energy for the excitation E.,=3.49¢eV, while
the PLE curve f is monitored at 2.53e¢V which
corresponds to the PL intensity peak energy for
the excitation E. =4.13eV. The PLE spectra
ascertain the existence of the luminescent localized
electronic states in the energy gap. Since the PL
intensity of ZrO, was decreased remarkably by
adding Agl, as shown in Fig. 2, such luminescence
centers may be at ZrO, particle surfaces.

The temperature dependence of PL spectra for
different (x)Agl—(1—x)ZrO, composites was mea-
sured. The results are shown in Figs. 4(a) and (b).
Each spectrum is normalized in intensity at each
maximum. In small x range (0.1< x <0.2), with
increasing temperature, the 2.80eV band is con-
siderably weakened and almost disappears above
about 100 K. The broad PL band observed at 99 K
may arise from ZrO,. However, the PL spectral
shape above 2.85¢V is affected by the optical
absorptions due to Agl [3]. At x =0.4, the PL
intensity of the 2.83eV band decreases, while the
PL intensity of the 2.89¢V band increases in
comparison with that of the 2.83e¢V band, with
increasing temperature. It suggests that phonon-
assisted reverse transition from the 2.83eV lumi-
nescence center to the 2.89 eV luminescence center
occurs. In large x range (0.6< x <0.8), with
increasing temperature, free exciton emission
decreases in intensity, while another PL band
appears at 2.90eV. This indicates that the 2.90eV
band arises from radiative decay of excitons
trapped around thermally ionized defects or
thermally ionized impurities.

12K (XAgI-(1-X)ZrO,

288K x=1(Agl)

PL intensity (arb. scale)

(@ Photon energy (eV)
P
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3
£
)
O- 1 1 1 1 1 1 1 1 1 1 ...I-.
3.2 3.0 2.8 2.6 24 2.2 2.0
(b) Photon energy (eV)

Fig. 4. The temperature dependence of the PL spectra: (a) for
different (x)Agl—(1—x)ZrO, composites; (b) for pristine ZrO,.

Figs. 5(a) and (b) show the I, dependence of the
PL spectra for different (x)Agl—-(1—x)ZrO, com-
posites at 12K. Each spectrum is normalized in
intensity at each maximum. Labels, I and W,
indicated by the curves denote intense (=1.0mJ/
cm?) and weak (<0.1mJ/cm?) excitations, respec-
tively. For small x region (<0.2), the PL
component below 2.80eV saturates at intense
excitation, which indicates that the luminescence
center giving this PL component is limited in
number, though it has high quantum yield. We
note the x dependence of the spectra for weak
excitation. With adding Agl, the 2.80eV band
shifts to 2.78eV at x=0.2 and, with further
adding Agl, it shifts to 2.81eV at x = 0.4. At both
x = 0.6 and 0.8, the band remains as a shoulder of
Agl-related PL bands. Since adding Agl to ZrO,
induces the oxygen defects, Zr; Ag.05 3y
(V0)3x/2 [5], the shift may be connected with the
change in the electronic states at Agl/ZrO,
interfaces. On further adding Agl, the shoulders
at 2.94 and 2.86eV become prominent.
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Fig. 5. The I, dependence of the PL spectra: (a) for different
(x)Agl—(1—x)ZrO, composites; (b) for pristine ZrO, at 12K.

The spectral transition with adding Agl is
explained as follows. For small x region, the free
excitons generated in Agl domain collides fre-
quently with Agl surfaces, and they are trapped at
Agl/ZrO, interfaces, creating bound excitons.
With increasing x, the size of Agl domain
increases and free excitons are able to propagate
in a long distance. Therefore, before trapping at
Agl/ZrO, interfaces, a part of free exciton decays
spontaneously with generating the 2.94eV lumi-
nescence, and other part of free exciton is trapped
at crystal defects and impurities within Agl
domain. The radiative decay of these trapped
excitons generates the 2.93 and 2.86eV lumines-
cence.

Besides the above PL properties, we have found
also a reversible photo-induced PL spectral
change in the present Agl-ZrO, composites at
room temperature. One of the results is shown in
Fig. 6, as a typical example. After fully irradiating
with CW 325nm laser light in an evacuated
specimen chamber for 10 min, the specimen shows
a broad PL band at 2.57eV. Oxygen gas is then

I (01)AgI-(09)Zr0, »
In vacuum

/ {';"'«....-..\“.\

in oxygen
PN TN U N NN T N T T N T M

.2 3.0 2.8 2.6 24 22 2.0
Photon energy (eV)

PL intensity
WO P N Ww AU
T

Fig. 6. Reversible photo-induced PL spectral change of
(0.1)Agl—(0.9)ZrO, composite at 295 K.

introduced into the specimen chamber and, with
increasing irradiating time, the PL component
below 2.45eV decreases in intensity. Through
many successive experiments, it is found that such
spectral changes appear repeatedly. The observed
spectral changes may originate from excitation-
energy exchange between the photo-induced oxy-
gen vacancies on ZrO, particle and Agl. The
spectral transitions yield materials for optical
sensor devices.

In summary, we have studied the PL properties
of (x)Agl—(1—x)ZrO, (0< x <1) composites. The
PL spectra have shown well the behavior of free
and trapped excitons at Agl/ZrO, interfaces where
Ag™" ions may move with high-ionic conductivity.
The specimen fabrications using different starting-
material ZrO, powders and more detailed studies
are now in progress.
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Abstract

In order to clarify the origin of the 2.4 eV luminescence band in SrTiOj3, as-grown and annealed SrTiOj; single crystals
are irradiated with a continuous-wave ultraviolet laser light (4 = 325 nm) in different atmospheres at room temperature.
Under the laser light irradiation in a vacuum, the 2.4eV luminescence band grows with increasing irradiation time,
while it returns to the original weak-luminescence state under the same laser light irradiation in oxygen gas. The
excitation-intensity, temperature and time dependences of the photoluminescence spectra are also measured for the
crystals. All the results indicate that the 2.4eV luminescence band arises not from intrinsic self-trapped excitons but
from extrinsic excitons trapped around oxygen defects. Near-band-edge emissions have been observed, for the first time,

at 3.2 and 2.9eV under intense excitation.
© 2004 Elsevier B.V. All rights reserved.

PACS: 71.35.—y; 78.55.—m; 82.50.—m; 61.72.—y

Keywords: Quantum paraelectric state; Photo-induced defects

A large number of the optical studies have been
devoted to clarify the quantum paraelectric state in
strontium titanate (SrTiO3). Grabner [1] measured
the photoluminescence (PL) properties of doped
and undoped SrTiO; crystals, and observed a
near-infrared luminescence band around approxi-
mately 1.6eV and a visible luminescence band

*Corresponding author. Tel.: +81353179771; fax:
+81353179771.
E-mail address: motizuki@physics.chs.nihon-u.ac.jp

(S. Mochizuki).

around 2.4eV.These PL bands were Stokes-shifted
considerably. He assigned them to intrinsic defects
or intrinsic excitons. Recently, Hasegawa et al. [2]
measured the optical absorption and PL properties
of SrTiOj; crystal. They assigned the Stokes-shifted
long-lasting luminescence around 2.4eV to the
radiative decay of intrinsic self-trapped excitons.
However, many metal oxides display the similar
visible PL, which are related to oxygen defects
[3—6]. Unfortunately, such oxygen defect effect has
been accorded too low evaluation in the optical
study of SrTiO; and it has led many researchers

0022-2313/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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astray. Very recently, we have observed that the
2.4 eV luminescence band of SrTiO; grows under a
continuous wave (CW) 325 nm-laser-light irradia-
tion in a vacuum, while it disappears under the
same laser light irradiation in oxygen gas [7]. It
was found that the observed phenomenon relates
closely to the creation and annihilation of oxygen
defects under the laser light. Taking account of the
oxygen defects in real SrTiOj crystals [8—10], the
PL properties of SrTiO; should be now restudied
in detail. In the present paper, we report the PL
properties and reversible photo-induced spectral
change of as-grown and annealed SrTiO; single
crystals.

SrTiO; single crystals were grown by the Vernuil
method. As-grown crystals are dark blue and they
become transparent by annealing in an appro-
priate atmosphere. During CW 325 nm laser-light
irradiation, we have measured the PL spectra of
these as-grown and annealed crystals as a function
of irradiation time #;,. Fig. 1 shows the photo-
induced PL spectral change of the as-grown
SrTiO; crystal at room temperature in a vacuum
as a function of #;, (in min). As seen in this figure,
the initial PL spectrum (#; = 0) is very broad, and
it has an intensity peak at about 2.8eV and two
faint kinks at about 2.4 and 2.15e¢V. With
increasing #;;, the intensity increases, growing the
PL component below 2.8eV. With ¢, increasing
further, the rate of the spectral change becomes
decreased. The spectrum at ¢, = Omin is rescaled,

’ as-grown SrTiO3|

60 min.
50 min.
40 min.

3
15x10° 2 W

=
o

Omin. 4 min.

PL intensity (arb. units)

30 min.
20 min.

okl 1 1 1 1 1 1 1=
32 30 28 26 24 22 20 18

Photon energy (eV)

Fig. 1. The CW 325nm laser light-induced spectral change of
an as-grown SrTiOj; crystal at room temperature in vacuum.
The #;, is given in min.

Difference
|

PL intensity (arb. units)

32 30 28 26 24 22 20 18
Photon energy (eV)

Fig. 2. The CW 325nm laser light-induced PL component of
an as-grown SrTiO; crystal at room temperature.
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1400}~ annealed SrTiOg
g
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Fig. 3. The CW 325nm laser light-induced spectral change of
an annealed SrTiO; crystal at room temperature in vacuum.
The ¢, is given in min.

and then a difference between the spectrum at ¢, =
60min and the rescaled spectrum is calculated,
which is shown in Fig. 2. This figure shows clearly
that a broad PL band grew at 2.4¢V under 325 nm
laser light irradiation in a vacuum. Fig. 3 shows
the photo-induced PL spectral change of the
annealed SrTiO; crystal at room temperature in
a vacuum. It is noted that the annealing treatment
reduces the PL intensity to about one-tenth. The
PL component below 2.8 ¢V grows with increasing
ti. With ¢, increasing further, the rate of the
spectral change becomes decreased. As done for
the results of the as-grown crystal, the difference
spectrum is also calculated, which is given in
Fig. 4. It indicates clearly that a broad PL band of
the annealed crystal grew at 2.4eV under 325nm
laser light irradiation in a vacuum. The same
spectral change in the 2.4eV band was observed
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Fig. 4. The CW 325nm laser light-induced PL component of
an annealed SrTiO; crystal at room temperature.

also at 12K in our previous study [7]. As well as
the as-grown crystal, it is found, under the same
laser light irradiation in oxygen gas, the 2.4eV
band disappears, returning to the original weak PL
state. Since the 325 nm laser light never dissociates
directly free O, molecule, the observed spectral
changes arise from the photo-induced associative
detachment and photo-induced dissociative ad-
sorption of O, molecules near the SrTiO; surfaces
[6].

We have studied the PL spectra of the as-grown
and annealed SrTiOj; crystals at 13K as a function
of excitation laser fluence of the third harmonics
(2 =355nm) of a Nd*>*-YAG laser. The results
are shown in Figs. 5 and 6. We have confirmed
that, unlike CW 325nm laser light, the pulsed
355nm laser light cannot induce any reversible
spectral change even at 14mJ/cm”. At the lowest
laser fluence, both crystals exhibit only the intense
2.4¢eV band. However, the center energy for the as-
grown crystal is slightly smaller than that for the
annealed crystal. We compare the PL spectra
observed at 4mJ/cm?, before and after annealing.
The annealed crystal displays more intense 2.4eV
Iuminescence than that for the as-grown crystal.
This may be due to decrease in the number of non-
radiative trap by the annealing treatment. With
increasing laser fluence, two new PL bands appear
at 3.2eV, which is near indirect gap of SrTiO3 and
at 2.9¢eV. On the contrary to the 2.4eV band, the
3.2 and 2.9¢V bands for the as-grown crystal are
more intense than those of the annecaled crystal.
This indicates that the 3.2eV luminescence and
2.9eV one are enhanced by oxygen defects. As
seen from Fig. 5, with increasing laser fluence, the
2.4¢eV band for the as-grown crystal grows and
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Fig. 5. The excitation laser intensity dependence of the PL
spectra of an as-grown SrTiOj; crystal at 12 K. The temperature
dependence of the PL spectrum is shown in the inset.
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Fig. 6. The excitation laser intensity dependence of the PL
spectra of an annealed SrTiOj; crystal at 12 K. The temperature
dependence of the PL spectrum is shown in the inset.

then becomes saturated at 8 mJ/cm?, while the 3.2
and 2.9eV bands continue to grow without any
saturation. As seen in Fig. 6, the PL intensity of
the 2.4eV band for the annealed crystal increases
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also with increasing laser fluence, and then it
reaches a maximum at 4 mJ/cm?, while the 3.2 and
2.9eV bands continue to grow without displaying
any maximum. Besides these measurements, the
PL spectra were measured at different tempera-
tures between 12 and 297K. Of them, the PL
spectra at 12, 120 and 297K for the as-grown
crystal are given in the inset of Fig. 5, and the PL
spectra at 12, 39 and 297 K for the annealed crystal
are given in the inset of Fig. 6. As seen from these
insets, the 3.2 and 2.9 ¢V bands grow deteriorating
the 2.4e¢V band with increasing temperature. The
2.4eV band observed for the as-grown and
annealed crystals disappeared at 120 and 39K.
The 3.2eV band becomes weak and broad with
increasing temperature. The 2.9eV band remains
even at room temperature. We have also measured
the time-resolved spectra and found that the 2.4eV
luminescence has long lifetime (> 1 ms), while both
the 3.2 luminescence and the 2.9 eV one have short
lifetime (< 50ns), at 12K [7].

Finally, the experimental results obtained in the
present study are summarized and discussed as
follows. Since the PL intensity of the 2.4 ¢V band is
affected considerably by oxygen defects and it
saturates under intense excitation, the 2.4eV band
is assigned to the radiative decay of extrinsic
excitons trapped around oxygen defects. The
excitation intensity dependences of the PL shown
in Figs. 5 and 6 indicate that, with increasing laser
fluence, the 3.2 and 2.9 eV bands grow deteriorat-
ing the 2.4eV band. This intensity relation among
these PL bands at 2.4, 3.2 and 2.9eV with
increasing excitation intensity may arise from
two causes: (1) finite number of the 2.4eV
luminescence centers, and (2) electron—hole re-
combination enhanced with higher laser fluence.
Since the recombination rate increases with
increasing carrier density, the near-band edge
emissions at 3.2 and 2.9eV increase linearly with
increasing laser fluence, while the rate of electron
(including hole) migration to the 2.4eV lumines-
cence centers decreases with increasing laser
fluence. The excitation-intensity and temperature
dependences of the 3.2 and 2.9eV bands also
indicate that two PL bands occur from the same
origin. We measured also the PL excitation (PLE)
spectrum for the 2.4eV band and found a sharp

PLE edge at 3.26 eV.This edge corresponds well to
the indirect gap of SrTiOs. Generally, an indirect-
gap-type semiconductor crystal does not exhibit
intense PL. However, some impurities and crystal
defects activate the PL of indirect excitons,
exhibiting intense PL band near band edge.
Therefore, the intense PL at 3.2 and 2.9¢V may
be assigned to the radiative decay of indirect
excitons affected by oxygen defects, creating
phonons. The energy difference (271cm™") be-
tween the PLE edge and the peak energy of the
3.2¢eV band is close to the transverse optic (TO)
phonon frequency [11]. Thus, the 3.2eV band is
assigned to the one TO phonon sideband, while
the broad 2.9eV band is also assigned to a
continuum consisting of other phonon sidebands.
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