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Band-to-band photoluminescence in SrTiO;
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We report the observation of band-edge photoluminescence (PL) in highly photoexcited SrTiOs; and
electron-doped SrTiO; at low temperatures. Two band-edge PL peaks coincide with the low- and high-
temperature onsets of optical absorption. This clearly shows that band-edge PL peaks correspond to indirect
band-to-band radiative recombination involving phonon emission and absorption processes and allows a de-
termination of the band gap. The PL peaks redshift with increasing carrier density, indicating band-gap shrink-
age. The temperature dependence of the band-edge PL and optical absorption spectra are also discussed in

conjunction with phonon-assisted optical transitions.
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Strontium titanate (SrTiOs) is one of the most promising
oxides for applications in electronics and optoelectronics.
Because single-crystalline SrTiO5 is an excellent platform
material for the epitaxial growth of oxide thin films,"? oxide-
based electronic devices can be integrated on SrTiOs crys-
tals. Moreover, SrTiO; itself has intriguing and multifunc-
tional electronic properties. With low levels of electron
doping, SrTiO5 undergoes transitions from an insulator to a
semiconductor, metal, and even superconductor at low
temperatures.>® The high mobility of charge carriers in
SrTiO; and their unique characteristics have recently at-
tracted considerable attention in the fields of epitaxial thin
film,” two-dimensional heterointerfaces,®~!! and field-
induced superconducting surfaces.!> Despite extensive re-
search on the electronic structure and electrical properties of
SrTiO; bulk crystals and heterostructures, the band-edge
structure of SrTiOs, which is most important in determining
the electronic properties, still remains unclear, and an under-
standing thereof has been a long-standing difficulty in the
science of oxide electronics.

In studying the band-edge electronic structure of materi-
als, photoluminescence (PL) spectroscopy is one of the most
powerful tools. Much effort has been devoted to the under-
standing of the PL properties of SrTiO;. It has been reported
that a broad green PL band appears around 2.5 eV at low
temperatures.'>!3 In addition, a blue PL band was recently
observed at around 2.9 eV in both electron-doped SrTiO;
(Refs. 16-18) and undoped SrTiO; under intense
photoexcitation.!’2Y However, the green and blue PL bands
have a large Stokes shift, indicating that the initial states are
far from the band edge, and so far, band-edge PL in SrTiO;
has not been reported.

In this Rapid Communication, we report the observation
of band-edge PL in SrTiO;. Two band-edge PL peaks were
observed in SrTiO; under high-density photoexcitation. The
PL peaks coincide with the low- and high-temperature onsets
of the optical absorption. Based on this result, we conclude
that the two PL peaks correspond to phonon-assisted radia-
tive recombination of photoexcited electrons and holes.
Similar PL peaks were observed in electron-doped SrTiO;
under continuous-wave (cw) photoexcitation. We discuss the
temperature dependence of the PL and optical absorption
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spectra in conjunction with phonon-assisted band-to-band
transitions.

We used undoped SrTiOj; single crystals and three types
of electron-doped SrTiO; single crystals: SrTi;_Nb,O3
(x=0.0005, 0.001, 0.004, 0.01, and 0.02), Sr;_,La,TiO;
(y=0.001 and 0.01) (Furuuchi Chemical Co.), and
Ar*-irradiated SrTiO; (acceleration voltage: 300 V and Ar
gas flow: 3 ml min~!). All samples were 0.5 mm thick. The
undoped samples were annealed under oxygen flow for 24 h
at 700 K to reduce oxygen vacancies. The PL spectra of
undoped SrTiO; were obtained by means of time-resolved
PL measurement with a time resolution of 40 ps using a
streak camera and a monochromator. The light source for
photoexcitation was an optical parametric amplifier system
based on a regenerative amplified mode-locked Ti:sapphire
laser with a pulse duration of 150 fs and a repetition rate of
1 kHz. The photon energy was 3.54 eV. The spectral reso-
lution of this setup was ~2 meV at 3.2 eV. The laser-spot
size on the sample surface was 90 um, which was measured
using the knife-edge method. The PL measurement in
electron-doped SrTiO; was performed under cw photoexci-
tation (using a He-Cd laser, photon energy: 3.82 eV) with a
monochromator and a charge-coupled device camera. The
laser spot size was 400 wm. The spectral resolution of the
setup used with the doped samples was ~1 meV at 3.2 eV.

The inset of Fig. 1(a) shows time-integrated and time-
gated (0-8 ns) PL spectra of SrTiO; under high-density ex-
citation of 5 mJ/cm? at 8 K. The time-integrated PL spec-
trum shows a single green PL band at around 2.5 eV. This
highly efficient and long-lived PL band probably results from
defects or unintentional impurities.!>'* Because of its high
efficiency and long lifetime at low temperatures, the green
PL becomes dominant in time-integrated PL spectrum. On
the other hand, the time-gated PL spectrum shows two PL
bands: a broad blue PL band at around 2.9 eV and a sharp
peak near the band-gap energy. Note that the blue PL and
band-edge PL bands are observed only under intense photo-
excitation using a pulsed laser.

Figure 1(a) shows an enlarged view of the time-gated
(08 ns) PL spectrum near the band-gap energy. We observed
two PL peaks at approximately 3.22 and 3.27 eV. The band-
edge PL peaks are asymmetric and have longer tails on the
low-energy side. The spectral widths of the two peaks have
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FIG. 1. (Color online) (a) Time-gated (0-8 ns) PL spectrum of
SrTiO; under excitation of 5 mJ/cm? at 8 K. The inset shows the
time-gated (0-8 ns) and time-integrated PL spectra of SrTiO3 be-
tween photon energies in the range 2.15-3.3 eV at 8 K. (b) The
square root of the absorption coefficient, «, at 8 and 85 K is also
plotted. The solid curves are the theoretical ones for 8 and 85 K
with the phonon energy of 25 meV.

almost the same value (FWHM=15 meV). The square root
of the optical absorption coefficient, @, at 8 and 85 K are
shown in Fig. 1(b). The fact that o' varies linearly with
energy is evidence that SrTiOj; is an indirect-gap semicon-
ductor. Furthermore, no excitons are formed because of the
large dielectric constant. The energy separation between the
low- and high-temperature onsets of the optical absorption is
approximately 50 meV.

Similar absorption spectra have been reported by Capizzi
and Frova.?!?> They argued that the 3.220 eV absorption
edge originates from the band-to-band transition involving a
51 meV LO phonon absorption and the 3.271 eV absorption
edge corresponds to defect-mediated transition. Since SrTiO5
is an indirect gap semiconductor, the absorption and emis-
sion of momentum-conserving phonons at the zone boundary
are needed during the light absorption and emission pro-
cesses. However, Raman- and neutron-scattering studies
show that a phonon with approximately 50 meV is observed
only at the k=0 point; no phonons with approximately 50
meV are observed at the zone boundary.”>?> On the other
hand, the phonon energy of 25 meV is close to the transverse
optical (TO,) phonon energy at the zone boundary.?>? Then,
we consider that optical transitions are assisted by the 25
meV phonon rather than 50 meV phonon. Two absorption
edges (their energy separation: 50 meV) correspond to the
band-to-band transitions involving phonon-absorption (E,
~fwy,) and emission (E,+fw,,) processes with fiawy,
=25 meV, where E, and fiwy, are the band-gap energy and
phonon energy. The solid curves in Fig. 1(b) show the cal-
culated absorption spectra by the theory of optical transition
in indirect-gap semiconductors®® for 85 and 8 K with the
phonon energy of 25 meV. The good agreement of the ex-
perimental and theoretical results confirms that the low- and
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FIG. 2. (Color online) Time evolution of the peak energy of the
lower band-edge PL peak of SrTiO; under excitation of 5 mJ/cm?.
The dotted curve is an eye guiding. The inset shows the PL spectra
gated at 0-0.3 ns and 5-8 ns.

high-temperature onsets of the absorption spectra correspond
to the 25 meV phonon-assisted transitions. Figure 1 also
shows that the two PL peak energies coincide with the
phonon-assisted optical transition energies. Thus, we can
conclude that the PL peaks at 3.220 and 3.271 eV are band-
to-band optical transitions (i.e., recombination of free elec-
trons and holes) involving 25 meV phonon emission and
absorption.

The band-edge PL of highly photoexcited SrTiOj; is both
time and excitation-density dependent. The inset of Fig. 2
shows the PL spectra gated at 0—-0.3 ns and 5-8 ns. The time
evolution of the peak energy of the lower energy PL peak is
shown in Fig. 2. The peak energy is 3.217 eV just after the
excitation and approaches 3.221 eV. This shift of the band-
edge PL peak at the initial stage indicates band-gap shrink-
age, which typically occurs in semiconductors under high-
density photoexcitation due to the band-gap renormalization
effect.”” The temporal dependence of the PL peak energy
reflects the photocarrier decay dynamics. Based on the above
results, we determined the band-gap energy of undoped
SrTiO5 to be 3.246 eV.

To gain a deeper insight into the band-edge PL, we per-
formed PL measurements in electron-doped SrTiO; under cw
photoexcitation. Note that the photocarrier density under cw
excitation is much smaller than that in pulse-laser excitation
and the chemically doped electron density. Figure 3(a) shows
the PL spectra of Nb-doped SrTiO; with various Nb concen-
trations at 8 K. As in the case of highly photoexcited SrTiOs,
two PL peaks are observed in all the samples with the excep-
tion of an anomalous PL peak at 3.21 eV in the 0.02 mol %
Nb-doped SrTiO;. The band-edge PL in the electron-doped
samples corresponds to recombination of electrons that are
present in the conduction band due to the doping and holes in
the valence band due to photoexcitation. The charge-carrier
density dependence of the PL spectral widths and peak ener-
gies is summarized in Fig. 3(b). The peak energy and spec-
tral width of the two PL peaks show the same dependence on
Nb concentration, suggesting that the two band-edge PL
peaks have the same origin; phonon-assisted band-to-band
radiative recombination. The spectral widths of the two PL
peaks broaden with increasing carrier density. This broaden-
ing is attributed to alloy disorder in doped
semiconductors.?’-?8
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FIG. 3. (Color online) (a) PL spectra of Nb-doped SrTiOz with
Nb concentration of 0.02, 0.1, 0.4, 1.0, and 2.0 mol % at 8 K. (b)
Spectral width and peak energy of the band-edge PL in Nb-doped
SrTiO; (A), La-doped SrTiO; (4), and Ar*-irradiated SrTiO; (@)
as a function of the charge-carrier density.

The PL peaks redshift with increasing carrier density, and
the separation of the two peaks (corresponding to two times
the TO, phonon energy) is independent of the Nb concentra-
tion. This is consistent with a previous report that the TO,
phonon energy is independent of the Nb concentration.”
Band-edge PL was also observed in other electron-doped
SrTiO; including La-doped SrTiO; and Ar*-irradiated
SrTiO5. The peak energy of these electron-doped samples is
plotted as a function of doped carrier density in Fig. 3(b),
where the carrier density of the sample was estimated based
on values reported in the literature*® assuming a linear rela-
tionship between the carrier density and the dopant concen-
tration. The electron density, N,, in SrTi;_Nb,Oj is approxi-
mated by N,=1.78X10%>Xx cm™>. The peak energy
depends only on the carrier density, regardless of the dopant
species, indicating that the carrier density determines the
peak energy of band-edge PL. This result is consistent with
the peak energy shift in highly photoexcited SrTiOs, i.e., the
band-gap shrinkage occurs owing to the high density of
charge carriers.

We also measured the temperature dependence of the
band-edge PL peaks. Figure 4 shows the PL spectra of
SrNby 091 Tig99905 at 8, 20, 50, 75, and 100 K. The square
root of the absorption coefficient is also plotted in the same
figure. The solid curves for the absorption spectra show the
theoretical curves with the phonon energy of 25 meV. The
PL peak energies and spectral widths show the same tem-
perature dependence. The PL peaks blueshift with increasing
temperature and broaden. Above 100 K, the band-edge PL
peaks become much broader and ill defined. The broadening
of the high-energy tail at higher temperatures suggests a ther-
mal distribution of carriers. In contrast to the PL peak energy,
the onset of the linear dependence of a'’? on energy is almost
independent of temperature, indicating that the band-gap re-
mains constant below 100 K.
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FIG. 4. (Color online) PL spectra (@) and the square root of the
absorption coefficient ((J) of StNby 9, Tip.99905 at 8, 20, 50, 75, and
100 K. The calculated band-to-band PL spectra using Eq. (1) and
calculated optical absorption spectra with the phonon energy of 25
meV for indirect-gap semiconductors are shown as solid curves.

Here, we discuss the temperature dependence of the spec-
tral shape of the band-to-band PL. According to Ref. 26, the
spectral shape of band-to-band PL in indirect-gap semicon-
ductors is described as

Iy (hw)
« (hw-E, * ﬁwph)2
ho-E,*h
Xexp(— w—kgBT—wp—h> (for hw > E, + hw,y,)
=0 (otherwise), (1)

where the * indicates (+) phonon emission and (-) phonon
absorption. The solid curves in Fig. 4 are calculated results
of band-to-band PL involving phonon-emission process us-
ing Eq. (1), where E,=3.245 eV and fiw,,=25 meV. We
also included a linear background component, which results
from the tail of the broad blue PL around 2.9 eV (see the
inset of Fig. 1). The calculated curves reproduce the higher
energy side of the band-edge PL above 20 K. Below the PL
peak energy, we observed the low-energy tail, which is in
poor agreement with the calculated curves. A similar low-
energy tail is also observed in highly photoexcited undoped
SrTiOs (see Fig. 1). This result suggests that very shallow
localized states exist near the band edge. One possible origin
of this localized state is a band-tail state caused by crystal
disorder, which typically appears in mixed crystals, but could
be present in undoped crystals. In addition, because SrTiO3
has an indirect-gap and complicated band structure, we need
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to consider optical transitions mediated by defects or impu-
rities, as pointed out by Capizzi and Frova. As discussed
above, however, the band-edge PL at 3.220 eV is well de-
scribed in terms of phonon-assisted band-to-band transitions.

In conclusion, we found the band-to-band PL peaks in
highly photoexcited SrTiO; and electron-doped SrTiO; at
low temperatures. The two band-edge PL peaks correspond
to radiative band-to-band recombination involving phonon
emission and absorption processes. The band-edge PL peaks
redshift with increasing carrier density, reflecting the band-
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gap shrinkage due to the band-gap renormalization effect.
The observation of band-edge PL allows us an accurate de-
termination of the band gap of SrTiOs, which was found to
be 3.246 eV. Band-to-band PL provides a powerful method
for studying the electronic structure of bulk SrTiO; and
SrTiO5-based heterostructures.
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