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Dynamics of nonlinear blue photoluminescence and Auger recombination in SrTiO3
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We report that the blue photoluminescence �PL� dynamics are dependent on both the photogenerated and the
chemically doped carrier densities in SrTiO3. We found that the PL decay dynamics are well explained using
a simple model that includes nonradiative single-carrier trapping, radiative bimolecular recombination, and
nonradiative Auger recombination processes. In highly photoexcited SrTiO3 and heavily electron-doped
SrTiO3, the rapid Auger recombination of the polarons determines the PL properties.
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Transition metal oxides and their heterostructures have
attracted a great deal of attention as new device materials due
to their wide variety of fascinating and multifunctional
properties.1,2 With its unique electrical and optical properties,
SrTiO3 is one of the most important oxide materials both
from a fundamental physics viewpoint and from its potential
for device applications. The electron density and, hence, the
conductivity of SrTiO3 can be controlled by chemical substi-
tution or annealing in a reducing atmosphere.3,4 It has also
been reported that the electron-doped SrTiO3 becomes a su-
perconductor at low temperatures.5,6 Furthermore, a high-
density, two-dimensional electron gas with unique electrical
and thermoelectric properties forms at interfaces between
SrTiO3 and other oxides.7,8 Despite extensive studies of the
electronic structures and electrical properties of SrTiO3 and
related materials,3–13 the carrier dynamics that determine
these electronic and optical properties remain unclear even in
the SrTiO3 bulk samples. This is because SrTiO3 shows a
strong electron–phonon interaction and shows the formation
of polarons and/or self-trapped excitons,14,15 and has impuri-
ties and defects.16,17 Recently, we reported that electron-
doped SrTiO3 samples show blue photoluminescence �PL� at
room temperature.18 As PL spectroscopy is one of the most
powerful methods for studying carrier recombination pro-
cesses in semiconductors, room-temperature PL provides a
new opportunity for understanding SrTiO3 carrier dynamics
and recombination.

In this Brief Report, we studied the blue PL dynamics of
nondoped SrTiO3 under a wide range of excitation densities
at room temperature. PL dynamics are sensitive to the pho-
togenerated carrier density. We found that the PL decay dy-
namics can be well explained by the radiative bimolecular
recombination, nonradiative single-carrier trapping, and non-
radiative Auger recombination processes. In La- and Nb-
doped SrTiO3 samples, the PL lifetime is determined by the
doped electron density. In low electron-density samples, the
PL intensity and decay properties are determined by the non-
radiative single-carrier trapping. In highly photoexcited
SrTiO3 and heavily electron-doped SrTiO3, the rapid Auger
recombination of polarons determines the PL intensity and
dynamics.

Nondoped SrTiO3, Sr1−xLaxTiO3, and SrTi1−yNbyO3 crys-
tals �0.5 mm thick with a �100� surface�, grown by the Ver-
neuil method �Furuuchi Chemical Co.�, were used in this
study. To reduce the oxygen vacancies, they were annealed

under oxygen flow for 24 h at 700 K. Annealed samples were
primarily used; however, there were no significant differ-
ences in the PL properties between the as-prepared and the
annealed samples. Time-resolved PL spectra were measured
at room temperature using a streak camera with a time reso-
lution of 40 ps and a monochromator. The excitation light
source was an optical parametric amplifier system based on a
regenerative amplified mode-locked Ti:sapphire laser. The
excitation wavelength was 355 nm �3.49 eV� with a pulse
duration of 150 fs and a repetition rate of 1 kHz. The laser
spot size on the sample surface was carefully measured using
the knife-edge method.

The inset of Fig. 1 shows a typical time-integrated PL
spectrum of nondoped SrTiO3 under 0.02 mJ /cm2 laser ir-
radiation with the broad PL band observed at around 2.9 eV.
This spectral shape is consistent with the PL spectra of
electron-doped SrTiO3 samples.18 The broken curve shows
the absorption spectrum; the abrupt increase in optical den-
sity corresponds to the Urbach tail below the band gap en-
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FIG. 1. �Color online� Excitation density dependence of the PL
dynamics in nondoped SrTiO3. Fits to the data using Eq. �1� are
shown as solid lines. The inset shows the PL spectrum of nondoped
SrTiO3 under 0.02 mJ /cm2 laser irradiation as the solid line and
the absorption spectrum as the broken line.
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ergy at 3.27 eV.19 The difference between the band gap en-
ergy and the emission peak energy �Stokes shift� is 0.3–0.4
eV. This suggests that the blue PL is not due to the free
electrons in the conduction band and the free holes in the
valence band but shows the formation of polaron states due
to the strong electron–phonon coupling in SrTiO3.14,20

Figure 1 shows the PL decay curves around 2.9 eV for
nondoped SrTiO3 at different excitation densities. The PL
decay dynamics are very sensitive to the excitation density.
Under weak excitation ��0.5 mJ /cm2�, the PL decay curve
is well described by a single-exponential function. When the
excitation density exceeds about 1 mJ /cm2, a nonexponen-
tial component clearly appears in the early stage. With an
increase in the excitation intensity, the fast and nonexponen-
tial decay component increases.

Figure 2�a� shows the time-integrated PL spectra of non-
doped SrTiO3 for different excitation intensities, where the
PL spectral shapes were obtained by integrating between 0
and 50 ns. These time-integrated spectral shapes are indepen-
dent of the excitation intensity. Figure 2�b� shows the PL
spectra at different delay times under 6 mJ /cm2 laser irra-
diation. The PL spectral shapes are also independent of the
delay time although the nonexponential decay component is
clearly seen in the early stages. Under high excitation, the
spectral shape of the nonexponential component is consistent
with that of the single-exponential component under weak
excitation. These observations show that the PL spectrum
and dynamics are determined by a simple recombination pro-
cess.

The excitation intensity dependencies of the time-
integrated PL intensity and the PL decay time in nondoped
SrTiO3 are summarized in Fig. 3. Here, the effective decay
time t1/e is defined as the time at the intensity of I0 /e, where
I0 is the PL intensity at zero delay time. The photogenerated
electron-hole pair density �Ne−h� is estimated from the inci-
dent photon number and the optical absorption coefficient at

the excitation energy.21 Under weak excitation density below
about 0.5 mJ /cm2, the PL decay time is constant �about 30
ns� but the PL intensity increases quadratically with the ex-
citation density. At high intensities, the shortening of the PL
lifetime and the saturation of the PL intensity occur simulta-
neously. This behavior can be explained in terms of a non-
radiative Auger recombination process, as discussed below.

The high dielectric constant ���300� of SrTiO3 reduces
the excitonic effects so that nongeminate recombination pro-
cesses are dominant at room temperature.14 At high excita-
tion densities, the numbers of electrons and holes are consid-
ered to be equal. The rate equation for the photocarriers can
therefore be simplified and written as follows:22

dn

dt
= − An − Bn2 − Cn3, �1�

where n is the photocarrier density. An represents the nonra-
diative single-carrier trapping and Bn2 represents the radia-
tive bimolecular recombination. Finally, C is the coefficient
of the nonradiative Auger recombination including three-
particle, electron-hole-electron, and electron-hole-hole pro-
cesses, where the nonradiative recombination energy of the
electron-hole pairs is transferred to the kinetic energy of the
other electron �hole�. As the quantum efficiency at room tem-
perature is very low ��0.01�, we cannot determine the value
of the coefficient B experimentally: The temporal changes in
the carrier density are determined by the nonradiative pro-
cesses of single-carrier trapping and Auger recombination.
First, we calculated A to be 1.7�107 s−1 by fitting the de-
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FIG. 2. �a� Excitation density dependence of the time-integrated
PL spectra in nondoped SrTiO3. �b� The time-resolved PL spectra of
SrTiO3 at different delay times under 6 mJ /cm2 laser irradiation.
The spectra are normalized to their maxima.
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FIG. 3. �Color online� �a� Excitation density dependence of the
PL decay time in nondoped SrTiO3. �b� The integrated PL intensity
as a function of the excitation density. The solid lines show the
calculation result using the obtained parameter A and C, and
Eq. �1�.
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cays under the weak excitations because the single-
exponential component is independent of the excitation den-
sity. Next, the Auger coefficient was obtained through a one-
parameter �C� numerical fit procedure. The excellent fits are
shown as solid curves in Fig. 1 where the resultant Auger
coefficient is �1.3�0.4��10−32 cm6 /s. In addition, the ex-
perimental results in Fig. 3 also reproduced well by the cal-
culation result using the obtained parameter A and C, and Eq.
�1�. This coefficient is much lower than that of a typical
semiconductor such as Si or GaAs.23,24 Taking into account
the large band gap energy and large effective mass of
SrTiO3, this value seems reasonable.22 The nonradiative Au-
ger recombination process is accompanied by a reduction in
the PL lifetime and the saturation of the PL intensity. These
characteristic features are clearly observed in our experi-
ments with SrTiO3.

It was reported that at low temperatures, the formation of
self-trapped excitons through the polarons contributes to the
broad PL in the green spectral region.14,25 The detailed PL
mechanism has not been determined because of the unclear
role of defects and impurities.17 There have been several re-
ports of the nonlinear behavior of the blue PL in nondoped
SrTiO3 samples, which noted that its origin is
complicated.17,26,27 However, with highly photoexcited
SrTiO3 samples, the intrinsic polaron-related PL is observed
clearly in the present study. Similar nonlinear PL dynamics
are observed at different temperatures �8–300 K�. In addi-
tion, the carrier-density dependence of the decay time is also
observed in the electron-doped samples under weak excita-
tion conditions, as discussed later. Therefore, the heating-
related processes do not play a primary role in our PL ex-
periments. As mentioned above, the PL dynamics in SrTiO3
can be well explained using a simple rate equation that in-
cludes radiative bimolecular and nonradiative Auger recom-
bination processes.

To further clarify the importance of the Auger recombina-
tion process, we examined the PL decay dynamics in
Sr1−xLaxTiO3 �La-STO� and SrTi1−yNbyO3 �Nb-STO�, as
semiconductor Auger coefficients are usually determined
from measured carrier lifetimes in heavily doped
samples.22,23 The electron densities of these doped samples
were estimated from the values reported previously,6,27,28 as-
suming a linear relationship between the carrier density and
the dopant concentration. In Sr1−xLaxTiO3, the electron den-
sity Ne is approximately given by Ne=1.80�1022�x cm−3,
and in SrTi1−yNbyO3 as Ne=1.78�1022�y cm−3. In our
doped samples, the electron density is higher than the Mott
transition density.4 However, because of the large effective
mass and the large dielectric constant of SrTiO3, the plasma
frequency is relatively low.29 Then, the blue PL is clearly
observed in heavily doped samples. Using these samples, we
measured the PL dynamics as a function of dopant concen-
tration. In these weak excitation experiments, the photoge-
nerated carrier density �Ne−h� was about 3�1017 cm−3,
which was much lower than Ne. The PL decay curves in
La-doped SrTiO3 samples are plotted in Fig. 4. All decay
curves are approximately described by single-exponential
functions �solid curves in the figure�. The rate of PL decay
becomes faster with an increase in the dopant concentration
or the chemically doped electron density.

In Fig. 5, the PL decay time and PL intensity in the doped
samples are summarized as a function of dopant concentra-
tion and doped electron density. In heavily electron-doped
samples, the PL decay time �PL is determined by both the
single-carrier trapping and the electron-hole-electron Auger
recombination,22
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FIG. 4. �Color online� Log–log plot of the PL dynamics of La-
doped SrTiO3. The excitation density was about 5 �J /cm2. The
solid curves show the results of exponential fitting. The data are
normalized to their maxima.
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FIG. 5. �Color online� �a� PL decay time and �b� PL intensity of
the electron-doped SrTiO3 as a function of the dopant concentra-
tion. The solid lines show the numerical calculation results using
Eqs. �2� and �3�. The upper axis of the electron density was esti-
mated from Refs. 6, 27, and 28, assuming a linear relationship
between the dopant concentration and carrier density.
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�PL
−1 = 2A + C1Ne

2, �2�

where C1 is the coefficient of the electron-hole-electron Au-
ger recombination. The PL intensity is given by the product
of Ne and the number of holes p�t�,

I �� BNep�t�dt , �3�

The numerical calculations using Eqs. �2� and �3� are plotted
as solid curves. The constants A and C were obtained from
the nondoped SrTiO3 measurement in Fig. 3, i.e., A=1.7
�107s−1, C=1.3�10−32 cm6 /s, and we assumed C1�C be-
cause nondoped SrTiO3 is an n-type semiconductor. Our
model can explain quantitatively the enhancement of the PL
intensity observed in electron-doped SrTiO3. In the low
electron-density region, the PL intensity increases with the
doped electron density Ne, according to Eq. �3�. In the high
electron-density region, on the other hand, the nonradiative
Auger recombination determines the PL properties. These
calculations agree quite well with the experimental observa-
tions in the doped samples. It is considered that the single-
carrier nonradiative decay rate increases with the doped elec-
tron density. However, the bimolecular radiative and the
nonradiative Auger rates are sensitive to the electron density,
compared with that of the single-carrier trapping. Therefore,
the nonradiative Auger recombination process determines the
PL dynamics.

With highly excited SrTiO3 and intentionally electron-
doped SrTiO3 samples, the intrinsic PL dynamics can be well
explained by a simple model including the nonradiative
single-carrier trapping, the radiative bimolecular recombina-
tion, and the nonradiative Auger recombination processes in-
fluenced by the strong electron–phonon coupling. The first
determination of the Auger recombination coefficient pro-
vides a new method for the study of the carrier density and
its spatial profile in bulk SrTiO3 and SrTiO3-based hetero-
structures.

In conclusion, we examined the PL dynamics of non-
doped SrTiO3 and electron-doped SrTiO3 as a function of
photo- and chemical-doped carrier densities. In undoped
SrTiO3, a fast-decay and nonexponential PL component was
observed in the nanosecond time region under high excita-
tion. In electron-doped SrTiO3, the PL lifetime decreases
with an increase of the doped electron density under weak
excitation. These experimental data were well explained by a
simple model including the nonradiative single-carrier trap-
ping, the radiative bimolecular recombination, and the non-
radiative Auger recombination processes. Our finding shows
the importance of the multiparticle recombination processes
in SrTiO3.
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