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The time-resolved photoconductance of amorphous and crystalline LaAlO3/SrTiO3 interfaces, both hosting
an interfacial 2-dimensional electron gas, is investigated under irradiation by variable-wavelengths, visible
or ultraviolet photons. Unlike bare SrTiO3 single crystals, showing relatively small photoconductance
effects, both kinds of interfaces exhibit an intense and highly persistent photoconductance with
extraordinarily long characteristic times. The temporal behaviour of the extra photoinduced conductance
persisting after light irradiation shows a complex dependence on interface type (whether amorphous or
crystalline), sample history and irradiation wavelength. The experimental results indicate that different
mechanisms of photoexcitation are responsible for the photoconductance of crystalline and amorphous
LaAlO3/SrTiO3 interfaces under visible light. We propose that the response of crystalline samples is mainly
due to the promotion of electrons from the valence bands of both SrTiO3 and LaAlO3. This second channel is
less relevant in amorphous LaAlO3/SrTiO3, where the higher density of point defects plays instead a major
role.

T
he interface between the band insulators LaAlO3(LAO) and SrTiO3(STO) can host a 2-dimensional electron
gas (2DEG). In the seminal paper by Ohtomo and Hwang1, an epitaxial LAO film was grown on a single
crystal (001) STO substrate with single TiO2 termination. In this heterostructure, the alternating LaO and

AlO2 planes carry opposite charges, leading to a net polarization of the LAO film, in contrast with the non-polar
state of STO. Such polar discontinuity was indicated as a source of instability, resulting in the injection of electrons
from the topmost LAO layers into the Ti3d states at the interface, thus giving rise to the interfacial 2DEG1. The
above described ‘‘electronic reconstruction’’ (ER) model is confirmed by ab initio computations2–4 and provides a
natural explanation of some well established experimental results, as the need of TiO2-terminated STO substrates
and a LAO film critical thickness of 4 unit cells to achieve interface conductivity5,6. Experiments and theoretical
calculations also agree on the bending of the electronic bands of STO close to the interface, as an effect of the local
electric field. Such bending determines a triangular quantum well that confines the 2DEG within a few
nanometers4,7,8.

It was soon realized that, beside the ER model, other mechanisms may explain the presence of free electrons
populating the quantum well. In particular, each oxygen vacancy introduced in STO acts as an electron donor,
thus explaining the observed dependence of the carrier number on the oxygen partial pressure during the LAO
film growth9,10. It was also suggested that the oxygen vacancies are formed close to the interface, during sample
fabrication, because the oxidation of LAO partially occurs by taking O atoms from the STO substrate11.
Furthermore, oxygen vacancies can produce a 2DEG even when an ER cannot take place, as for instance in
the interface between oxygen-reduced STO and vacuum12,13. A spectacular demonstration of such behavior in
LAO/STO interfaces was provided by the work of Chen, et al.14, showing that the interface between crystalline
STO and amorphous LAO can be conductive. Recently, the role of oxygen vacancies in interfaces based on either a
crystalline (c), or an amorphous (a) LAO layers on STO was further clarified by observing the effects of thermal
and ion irradiation treatments on both kinds of samples15,16. The results suggest that in c-LAO/STO the con-
ductivity can be ascribed to both ER and oxygen vacancies, depending on the sample growth conditions, whereas
in a-LAO/STO only oxygen vacancies play a role.

The sensitivity of c-LAO/STO to the light was discovered several years ago17–19. More recently, the investiga-
tion of the transport properties of irradiated samples revealed its potential interest for both applicative and
fundamental physics20–26. Photoconductivity was reported to be moderate when samples were illuminated by
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visible light, and it became considerably larger above a photon energy
threshold of about 3.25 eV (382 nm)20, corresponding to the indirect
bandgap of STO. A striking feature of c-LAO/STO is the persistence
of the photocurrents after restoring the dark conditions; the char-
acteristic times range from 10 to 104 seconds or even more, depend-
ing on the sample. In presence of point defects, bare STO can also
show persistent photoconductivity27, resembling the classical lattice-
relaxation of doped GaAs, CdZn, CdS, etc.28 The case of
c-LAO/STO may instead be associated with, e.g., GaAs/AlGaAs het-
erostructures, where the persistent photoconductivity is ascribed to
the spatial separation of the electron-hole pair under the effect of the
local electric field29,30.

In this paper we investigate the photoresponse of both a- and c-
LAO/STO. Our aim is to provide a wider characterization of the
interfaces based on amorphous LAO, that are certainly less explored,
and to compare their behavior to that of crystalline interfaces.
Potentially, this is a very interesting issue, because the crucial differ-
ence between the two systems consists in the amount of oxygen
vacancies that, acting as point defects, may play a key role in the
photoresponse. In the following, we present data regarding two sam-
ples of a-LAO/STO with different thickness, one c-LAO/STO and
one bare STO substrate. We stress that, according to the mentioned
attitude of LAO to oxidize at the expense of STO, and due to the
different growth conditions we adopted, the investigated a-LAO/
STO samples contain much more point defects, i.e., oxygen vacan-
cies, than c-LAO/STO. Further details on the fabrication are given in
the Method section. It turned out that the time evolution of the
photoconductance, during the exposition to radiation of different
wavelengths in the visible-ultraviolet (VIS-UV) region, and after
having turned the light irradiation off, shows clear differences
between different types of samples. We analyze the possible micro-
scopic mechanisms of carrier photogeneration, and propose that the
different behavior is ascribed to different band diagrams for both
structures. This is discussed in terms of naive diagrams for a- and
c-LAO/STO.

Results and Discussion
The four samples used in transport and photo-transport measure-
ments are labelled as follows:

C1 - a conducting 6 u.c. (thickness d^2:4 nm) c-LAO/STO
heterostructure;

A1 - a conducting a-LAO/STO interface, with an estimated LAO
thickness d^2:4 nm (similar to C1);

A2 - an insulating a-LAO/STO interface, with an estimated LAO
thickness d^1:2 nm;

S1 - a bare TiO2-terminated STO single crystal.
In dark, S1 exhibits a very high resistance (250 TV at room tem-

perature, close to the limit of our measurement setup), characteristic
of fully oxidized, non doped STO crystals. The deposition of a very
thin amorphous LAO overlayer (sample A2) determines a noticeable
change: the room temperature resistance in dark is lower by 4 orders
of magnitude with respect to S1 (Table 1).

However, A2 still shows an insulating behavior, i.e., a negative
slope in the R(T) plot (fig. 1), suggesting that the fabrication process
introduced some oxygen vacancies in the structure, but their amount

is still insufficient to determine the formation of a mobile 2DEG.
When the amorphous LAO film is thicker (A1), a dramatic drop of
resistance and a metallic behavior (positive slope in the R(T) plot) are
observed, in agreement with literature14,15. Basically, A1 shares with
the crystalline interface C1 quite similar transport properties in dark.

To measure the samples photoresponse we selected three different
wavelengths: 365 nm (3.4 eV, above the indirect badgap of STO);
400 nm (3.1 eV, below the indirect badgap of STO); 460 nm (2.7 eV,
well below the indirect badgap of STO). We define the photocurrent
Iph(t) as the difference between the current I(t), measured at time t
during the light illumination, and the current in dark conditions
before the irradiation, Id. Then, the photoconductance is given by

sph tð Þ~ Iph tð Þ
V

, V being the voltage drop across the two probes. The

time dependent photoconductance of C1, A1, A2, and S1 at three
different wavelengths is reported in fig. 2.

The photoresponse dynamics of all the measured samples show a
relatively steep increase, followed by a slower transient behavior.
However, the intensity is dramatically different for each case. In
table 2 we report the value of photoconductance after 300 s of illu-
mination, smax

ph , for each sample and wavelength. At 365 nm, smax
ph is

of the order of mS for A1 and C1 samples, while it is 3 and 6 orders of
magnitude smaller for A2 and S1, respectively. Conversely, the

photosensitivity Yph tð Þ~ sph tð Þ
sd

~
Iph tð Þ

Id
is maximum in S1, lower

in A2 and even lower in A1 and C1.
These preliminary observations allow to outline the general frame-

work. A set of donor states (possibly different for S1, A1, A2 and C1)
can be excited by photons. The photoresponse is directly related to
the number Dn of electrons promoted into the conduction band. In
the steady-state regime, Dn is determined by the balance between the
excitation and the recombination rates. The enhancement of the
photoconductance in the sequence S1, A2, and C1/A1 then suggests
that the recombination rate becomes lower and lower when the LAO
thickness increases. Under this point of view, our results allow to
extend to the case of a-LAO/STO a previous interpretation of the
c-LAO/STO photoresponse23. The argument is also qualitatively
confirmed by the different duration of the tails after turning the
illumination off; in fact, the recovery rate increases in the sequence
C1/A1, A2, S1.

However, this enhancement may also have an alternative explana-
tion. It has been proposed2 that the deepest electronic states in the
quantum well of c-LAO/STO interfaces have low or null mobility. It
is reasonable to assume that the same also holds for a-LAO/STO,
since the electronic properties of the 2DEG are mainly determined by
the STO crystal in both cases. In dark conditions, these states are
completely filled in the conducting interfaces, so that all the electrons

Table 1 | Transport data at room temperature in dark condition for
all samples

Sample d (nm) V (V) Id (A) Rd (V)

C1 2.4 1 2.3?1025 4.3?104

A1 2.4 1 1.6?1025 6.4?104

A2 1.2 30 3.5?1029 8.6?109

S1 - 500 2.0?10212 2.5?1014

Figure 1 | Resistance vs. temperature plots of C1, A1 and A2 samples.
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promoted by the light must contribute to the conduction. Instead,
they are (at least partially) empty in A2. Therefore, a fraction of the
photo-generated electrons may occupy these states and may not
contribute to the electrical conduction of A2, i.e., it may not be
detected in the photoresponse measurements.

Since the same photon flux is adopted at all wavelength, and con-
sidering that each process of photo-excitation generates one free
carrier, it follows that the variation of photoconductance with wave-
length just reflects the variation of photogeneration efficiency. The
observation that the maximum photocondutance smax

ph systematic-

ally increases at decreasing the radiation wavelength is then easily
understood, as higher energy photons can excite deeper states; in
particular, photons at 365 nm can, in principle, promote electrons
from the STO valence band (VB) to the conduction band (CB).

The ratio between the values of smax
ph at 365 nm and 460 nm is

higher in the insulating samples (S1, A2), than in the conducting
samples (A1, C1). Still in the same spirit of a naı̈ve interpretation, this
suggests that the trap states form a narrow band, close to the valence
band edge, in S1 and in A2, so that low energy photons can hardly
promote electrons to the CB. The trap states form instead a broad
band in A1, and still broader in C1. In other terms, the effective
optical gap at the interface is always smaller than the band gap of
bulk STO; and it is smaller in c-LAO/STO interfaces than in a-LAO/
STO ones.

In order to get a more accurate description of the photoresponse, it
is necessary to discuss the dynamic behavior of the signals. We first
start addressing the issue of the increase of photoconductance as a
function of the illumination time (see fig. 2). The plots of sph(t) are
characterized by a steep onset followed by a slower transient. This
behavior is well described by a bi-exponential growth function with
two characteristic rise times t1 and t2, related to the fast and slow
components respectively:

sph tð Þ~sinf A 1{exp {
t
t1

� �� �
z 1{Að Þ 1{exp {

t
t2

� �� �� �
ð1Þ

where sinf is the saturation value of the photoconductance and A
represents the relative weight of the fast component.

We focus now the attention on the metallic samples, C1 and A1
samples. The fitting parameters are reported in Table 3, and the fits
are shown in fig. 3. In our experimental conditions, the maximum
photoconductance scales with light intensity, i.e., the optical pump-
ing is below the threshold at which the response falls in the saturation
regime. This circumstance allows the connection between the
dynamics of the photoconductance and the photogeneration mech-
anism of carriers. On this basis, we interpret the elongation of the fast
time t1 at increasing wavelength as an effect of the decrease of photo-
generation efficiency. This mechanism is common to both C1 and
A1. Instead, a striking difference between the samples is found in
terms of the relative amplitude of the fast and slow component of the
signal, i.e., the A parameter. This difference is marked by the depend-
ence of A vs. radiation wavelength for the two samples (fig. 3c).

In order to address this issue, we first remind that the selected
wavelengths correspond to photon energies that span from slightly
above to well below the indirect STO gap. In sample C1, the fast
component is progressively reduced with increasing the wavelength,
confirming the previous observations for crystalline samples23. At
460 nm, well below the gap threshold, the fast channel is actually
almost suppressed and the signal rise is very slow. The opposite
behavior is observed in sample A1, where the relative amplitude of
the fast component increases at increasing wavelength. At 460 nm,
the slow channel is totally suppressed, so that the signal is well
described by a simple exponential growth with one characteristic
time t1. Such different response of C1 and A1 undoubtedly indicates

Figure 2 | (a), (b), and (c) Photoconductance vs. time of C1, A1 and A2

interfaces; d) photoconductance vs. time of bare STO (sample S1). The

photon energy at 365 nm (3.4 eV) is above the indirect STO gap; at

400 nm (3.1 eV) and 460 nm (2.7 eV) it is below this threshold. All

samples were illuminated for the same time (300 s) at equal photon flux

(,2 3 1014 photons cm22s21) for each wavelength.

Table 2 | Photoconductance and photosensitivity values after
300 s of illumination for the three different wavelengths

Sample l(nm) smax
ph nSð Þ Ymax

C1 365 9.9?102 4.3?1022

400 5.2?102 2.3?1022

460 2.7?102 1.2?1022

A1 365 1.3?103 8.2?1022

400 2.9?102 1.8?1022

460 7.5?101 5.0?1023

A2 365 6.3?100 5.4?101

400 6.6?1021 5.7?100

460 3.0?1021 2.5?100

S1 365 8.8?1024 2.2?102

400 9.8?1025 2.5?101

460 1.2?1025 3.0?100

Table 3 | Best fitting parameters for the the three different illumina-
tion wavelengths

Sample l(nm) sinf (nS) A t1(s) t2(s)

C1 365 9.9?102 0.8 0 8.2?101

400 5.5?102 0.5 9.0?100 1.5?102

460 2.9?102 0.2 2.4?101 1.4?102

A1 365 1.4?103 0.3 1.3?100 1.7?102

400 3.2?102 0.6 4.0?100 2.3?102

460 7.4?101 1.0 4.0?101 –

www.nature.com/scientificreports
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a different underlying mechanism of photo-excitation, which distin-
guishes a- from c-LAO/STO.

We consider now the delicate issue of the microscopic description
of the carriers photo-excitation. The modelling of the dynamics in
terms of band diagrams is neither straightforward nor unambiguous;
however, we believe that the main physics is captured by the naive
sketches of fig. 4. The right panel (fig. 4b) is based on published
diagrams for c-LAO/STO23,26,31; the left panel (fig. 4a) describes
instead a-LAO/STO. The right sides of the band diagrams for a-
LAO/STO and c-LAO/STO deeply differ the one from each other
and are in agreement with those already reported in Ref. 16. For a-
LAO/STO, we draw, as an ansatz, a scheme qualitatively similar to
the one for bulk LAO crystal. For c-LAO/STO, instead, we adopt the

standard ER model, with the bands of LAO bent upwards by the
macroscopic electric field. The left part of the diagrams of both a-
and c-LAO/STO shows the quantum well that is formed at the inter-
face, within STO, and that confines the mobile electrons in the 2DEG.
The point defects, which we mainly identify with oxygen vacancies,
add to the bands a distribution of trap states, forming a broad in-gap
band. Such states are mainly localized in a region close to the inter-
face, because, as previously mentioned, they are formed during the
film growth step15. Due to the different fabrication procedure, the
density of vacancies is lower in c-LAO/STO, and as a first approxi-
mation we neglect it. The sketches show some possible channels of
photogeneration, labeled as s or f to indicate slow and fast dynamics,
respectively. The main channel of fast excitation is the local (on-site)
promotion of electrons from initial states with O-character to final
states of the CB with Ti-character; this process may actually involve
intermediate states, such as excitons (i.e., localized Ti31 states)32,
which rapidly decay into the CB. The slow process is here identified
with the promotion of electrons from LAO states with O-character to
STO states with Ti-character. These transitions are important,
because they can involve initial and final states with non negligible
overlap. In the case of c-LAO, for instance, the closest O atom of LAO
is actually in the apical site of a Ti atom of the STO side. A similar
consideration can be applied also to the case of a-LAO. However,
there is a relevant difference between the two cases. All the VB-edge
states of LAO share the same energy in a-LAO/STO. Instead, as the
sketch in fig. 4b qualitatively shows, the upturn of the bands in c-
LAO is so steep, that the VB edge is already lifted by ^0:2-0:3 eV at
the apical sites. The farther the initial states are located, the larger is
the energy lift.

The sketch makes no claim to completeness; more excitation
mechanisms can be at play and also be quantitatively relevant (e.g.,
the transitions from the defect states of STO in c-LAO/STO, such as
photoexcitations of carriers from defect-induced deep-level traps as
suggested in Ref. 33, or from any other kind of surface trap state).
However, the minimum set of transitions that we show in the dia-
grams is sufficient to qualitatively explain several experimental
observations:

1. The reduction of the optical gap in a-LAO/STO (with respect to
the indirect STO gap) is explained as an effect of oxygen vacan-
cies; in c-LAO/STO, instead, the reduction of the optical gap is a
result of the band bending of LAO.

2. In c-LAO/STO, the excitation by low energy photons is a slow
process, that promotes to the quantum well electrons from the
LAO VB; the fast process requires, instead, high energy photons,
and consists in the ionization (possibly phonon assisted) of STO
VB states.

3. In a-LAO/STO, on the contrary, the excitation by low energy
photons is a fast process, promoting to the quantum well elec-
trons from the in-gap trap states and the slow process (promot-
ing electron from the LAO VB) requires high energy photons.
Furthermore, the direct excitation of STO VB states in a-LAO/
STO may trigger a complex energy cascade within the broad in-
gap band. This effect would also indirectly contribute to slow
down the dynamics of excitation by high energy photons.

We stress that our data would be hardly explained by assuming
that all the relevant transitions are due to the excitation of one type of
trap states, i.e., oxygen vacancies only. In particular, this would be at
odds with the higher photoconductance induced by low energy
photons in c-LAO/STO than in a-LAO/STO (see, e.g., data of smax

ph

in table 2). In fact, the oxygen vacancy states certainly form a broader
band in a-LAO/STO than in c-LAO/STO.

We finally add some comments on the bending of c-LAO bands
(fig. 4b). In contrast to first-principle computations2–4, the bending
was not observed in some x ray photoemission spectroscopy (XPS)
measurements34–36. In other XPS works (e.g., Ref. 37), as well as in

Figure 3 | (a) Photoresponse of C1 and (b) photoresponse of A1 at

365 nm (black), 400 nm (red), and 460 nm (green). The data are

normalized to the asymptotic value sinf ; solid lines are fit curves. (c)

Dependence of A vs. radiation wavelength l for both samples.

Figure 4 | Sketch of the band structure of a) a-LAO/STO and b) c-LAO/
STO. The grey dotted region depicts the in-gap trap states of STO. For

clarity, the bending of the STO bands is emphasized in both pictures and,

in c-LAO/STO, the band of in-gap states is omitted. The slow (s) and fast

(f) mechanisms of photogeneration are represented by arrows.

www.nature.com/scientificreports
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cross-sectional scanning tunnelling spectroscopy38, it appeared with
reduced slope with respect to expectations. In Ref. 35, the authors
propose two effects (that in our view may concur) to explain the
discrepancy between theory and experiment: a) during the XPS
experiment, the sample is heavily far from equilibrium due to x ray
photoexcitation; b) the surface charge-trap states act as donors, so
that even at equilibrium the band bending of c-LAO is attenuated.
Both mechanisms may also affect the photoresponse and give quan-
titatively relevant corrections. However, we believe that the simple
qualitative picture that we propose would not change also taking into
account these extra channels.

We turn now to the issue of the signal decay after illumination
(fig. 5). As a first comment, we note that this process is affected by the
sample history. Depending on the duration and on the intensity of
previous expositions to the light, as well as on the wavelength, we
observe different values of the final baseline, indicative of metastable
states. The further relaxation toward the initial equilibrium state in
dark may be extremely long. We did not explore systematically this
feature in this work. However it appears that the recovery toward the
metastable state is always a process longer than the signal rise one.

As mentioned before, the increase of the characteristic decay time
with respect to the rise transient is indicative of a hysteretic behavior
that can be attributed to the following mechanisms: a) the activation
of a slow energy cascade through intermediate defect states, and b)
the drift of photo-generated holes under the action of the mac-
roscopic electric field in the region close to the interface. As prev-
iously discussed when commenting the signal rise dynamics, the
former mechanism may have comparatively larger weight in a-
LAO/STO after UV irradiation. In that case the deep levels in the
broad in-gap band are excited, and part of them might be long-lived.
The latter mechanism may instead affect the recovery of c-LAO/STO
after visible light irradiation, if some holes created in the LAO region
are pushed toward the sample surface by the electric field that acts in
the polar layer.

Conclusion
We investigated the transient photoconductance of amorphous-
LAO/STO interfaces, under monochromatic radiation in the UV
and Vis region, and compared these systems with a crystalline-
LAO/STO structure and a bare STO crystal. In all the samples, the
photoconductance assumes the highest value at the shortest explored
wavelength (365 nm, corresponding to above-gap excitation). At
longer wavelengths, the photoconductance significantly decreases
in c-LAO/STO. The reduction is even stronger in conducting a-
LAO/STO, and dramatic in the insulating a-LAO/STO sample and

in the bare STO crystal. This observation indicates that the optical
gap of the interfaces is smaller than the band gap of bulk STO; and
that it is the smallest in the case of c-LAO/STO. This effect would be
hardly explained by assuming that the photogeneration takes place in
all samples by exciting the same states (e.g. in-gap states due to
oxygen vacancies), since vacancies certainly generate a broader
defects band in a-LAO/STO than in c-LAO/STO.

The transient photoconductance of all samples shows a bi-expo-
nential growth, under illumination, followed by a long decay when
the light is turned off. In spite of the qualitative similarities, the
photoconductance dynamics reveals a deep difference between a-
LAO/STO and c-LAO/STO. In c-LAO/STO, the fast channel of the
photoresponse becomes progressively less relevant at increasing
photon wavelength; the reverse takes place in a-LAO/STO, where
it is the slow channel loosing relative weight at increasing
wavelength.

We propose a different mechanism of excitation for a-LAO/STO
and c-LAO/STO, which naturally stems from the different band
diagrams of the two structures. Indeed, the optical excitation of a-
LAO/STO involves transitions from either in-gap trap states due to
oxygen vacancies (fast channel) or the LAO VB (slow channel). The
first channel is activated by photons in a wide range of energy, while
the second is restricted to above-gap photons. The excitation of c-
LAO/STO also involves two channels. The first includes the transi-
tions from the STO VB (fast channel) and is restricted to high energy
photons; the second includes the transitions from the bent LAO VB
band (slow channel), and is activated even by low energy photons.

Finally, a-LAO/STO and c-LAO/STO also have a different beha-
vior of permanent photoconductance when light is turned off, indi-
cating that the physical difference between the structures also
determines different dynamics of relaxation.

Methods
The LAO thin films are grown by a RHEED-assisted Pulsed Laser Deposition tech-
nique on TiO2-terminated (001) STO single crystal substrates, resorting to a KrF
excimer laser beam with a fluence of 1.5 J/cm2 on target and a repetition rate of 1 Hz.
The crystalline sample C1 is grown at 720uC with a partial pressure of oxygen PA(O2)
5 1 3 1022 mbar. After the deposition, the sample is cooled in 1 h to room tem-
perature in the same pressure condition. The amorphous samples A1 and A2 are
grown at room temperature with a PA(O2) 5 1 3 1025 mbar.

All the samples are contacted by ultrasonically bonded aluminium wires. The
resistance as a function of the temperature R(T) is recorded in dark condition in a
closed cycle refrigerator, using the standard four probe Van der Paw configuration for
C1 and A1, and a two probe configuration for A2 and S1, due to their high resistance
values. In all the photoconductance measurements, the current across the samples is
measured at fixed voltage in the two probe configuration, by resorting to a Keithley
6487 picoammeter. All the values of applied voltage V, dark current Id, and resistance
in dark Rd, are reported in Table 1.

In order to investigate the time evolution of the photoconductance, the whole
sample surface (,5 3 5 mm2) is uniformly illuminated for 300 s with monochro-
matic radiation obtained by means of a Xenon lamp and of band-pass interference
filters (FWHM 5 10 6 2 nm). Three wavelengths are selected: 365 nm (3.4 eV);
400 nm (3.1 eV); 460 nm (2.7 eV). The power density radiation is measured by a
radiometer (Laser Precision RK-5720 Power Radiometer) equipped with a silicon
probe. The light intensity is attenuated by means of neutral density filters in order to
obtain a photon flux of ,2 3 1014 photons cm22s21 for the three wavelengths.
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2. Popović, Z. S., Satpathy, S. & Martin, R. M. Origin of the Two-Dimensional

Electron Gas Carrier Density at the LaAlO3/SrTiO3 Interface. Phys. Rev. Lett. 101,
256801 (2008).

3. Pentcheva, R. & Pickett, W. E. Avoiding the Polarization Catastrophe in LaAlO3/
SrTiO3(001) through Polar Distortion. Phys. Rev. Lett. 102, 107602 (2009).

4. Stengel, M. First-principles modeling of electrostatically doped perovskite
systems. Phys. Rev. Lett. 106, 136803 (2011).

5. Nishimura, J., Ohtomo, A., Ohkubo, A., Murakami, Y. & Kawasaki, M. Controlled
carrier generation at a polarity-discontinued perovskite heterointerface. Jap. Jour.
of Appl. Phys. 43, L1032 (2004).

6. Thiel, S., Hammerl, G., Schmehl, A., Schneider, C. W. & Mannhart, J. Tunable
quasi-two-dimensional electron gases in oxide heterostructures. Science 313,
1942–1945 (2006).

Figure 5 | Signal decay after switching off the illumination for (a) C1 and
(b) A1 samples. The same data of fig. 2 are normalized to the

corresponding smax
ph values and plotted in log scale.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8393 | DOI: 10.1038/srep08393 5



7. Basletic, M. et al. Mapping the Spatial Distribution of Charge Carriers in LaAlO3/
SrTiO3 Heterostructures. Nature Mat. 7, 621–625 (2008).

8. Cantoni, C. et al. Electron transfer and ionic displacements at the origin of the 2d
electron gas at the lao/sto interface: Direct measurements with atomic-column
spatial resolution. Adv. Mat. 24, 3952–3957 (2012).

9. Huijben, M. et al. Structure-Property Relation of LaAlO3/SrTiO3 Interfaces. Adv.
Mat. 21, 1665–1677 (2009).

10. Cancellieri, C. et al. Influence of the Growth Conditions on the LaAlO3/SrTiO3

Interface Electronic Properties. Eur. Lett. 91, 1–4 (2010).
11. Schneider, C. et al. The origin of oxygen in oxide thin films: Role of the substrate.

Appl. Phys. Lett. 97, 192107–192107 (2010).
12. Santander-Syro, A. et al. Two-Dimensional Electron Gas with Universal Subbands

at the Surface of SrTiO3. Nature 469, 189–193 (2011).
13. Di Capua, R. et al. Observation of a Two-Dimensional Electron Gas at the Surface

of Annealed SrTiO3 Single Crystals by Scanning Tunneling Spectroscopy. Phys.
Rev. B 86, 155425 (2012).

14. Chen, Y. et al. Metallic and Insulating Interfaces of Amorphous SrTiO3-Based
Oxide Heterostructures. Nano Lett. 11, 3774–3778 (2011).

15. Liu, Z. et al. Origin of the Two-Dimensional Electron Gas at LaAlO3/SrTiO3

Interfaces: The Role of Oxygen Vacancies and Electronic Reconstruction. Phys.
Rev. X 3, 021010 (2013).

16. De Luca, G. et al. Potential-Well Depth at Amorphous-LaAlO3/Crystalline-
SrTiO3 Interfaces Measured by Optical Second Harmonic Generation. Appl. Phys.
Lett. 104, 261603–261603 (2014).

17. Huijben, M. Interface Engineering for Oxide Electronics: Tuning Electronic
Properties by Atomically Controlled Growth. Ph.D. thesis, University of Twente
(2006).

18. Huijben, M. et al. Electronically coupled complementary interfaces between
perovskite band insulators. Nature Mat. 5, 556–560 (2006).

19. Thiel, S. P. Study of Interface Properties in LaAlO3/SrTiO3 Heterostructures. Ph.D.
thesis, Universitat Augsburg (2009).

20. Irvin, P. et al. Rewritable nanoscale oxide photodetector. Nature Phot. 4, 849–852
(2010).

21. Rastogi, A., Pulikkotil, J., Auluck, S., Hossain, Z. & Budhani, R. Photoconducting
state and its perturbation by electrostatic fields in oxide-based two-dimensional
electron gas. Phys. Rev. B 86, 075127 (2012).

22. Tebano, A., Fabbri, E., Pergolesi, D., Balestrino, G. & Traversa, E. Room-
Temperature Giant Persistent Photoconductivity in SrTiO3/LaAlO3

Heterostructures. ACS Nano 6, 1278–1283 (2012).
23. Di Gennaro, E. et al. Persistent photoconductivity in 2d electron gases at different

oxide interfaces. Adv. Opt. Mat. 1, 834–843 (2013).
24. Lu, H.-L. et al. Reversible Insulator-Metal Transition of LaAlO3/SrTiO3 Interface

for Nonvolatile Memory. Scien. Rep. 3, 1–6 (2013).
25. Lu, H.-L. et al. Photoelectrical Properties of Insulating LaAlO3/SrTiO3 Interfaces.

Nanoscale 6, 736–740 (2014).
26. Liang, H. et al. Giant Photovoltaic Effects Driven by Residual Polar Field within

Unit-Cell-Scale LaAlO3 films on SrTiO3. Scien. Rep. 3, 1–7 (2013).
27. Tarun, M. C., Selim, F. A. & McCluskey, M. D. Persistent photoconductivity in

strontium titanate. Phys. Rev. Lett. 111, 187403 (2013).

28. Lang, D. & Logan, R. Large-lattice-relaxation model for persistent
photoconductivity in compound semiconductors. Phys. Rev. Lett. 39, 635 (1977).

29. Queisser, H. & Theodorou, D. Decay kinetics of persistent photoconductivity in
semiconductors. Phys. Rev. B 33, 4027 (1986).

30. Kioupakis, E., Yan, Q. & Van de Walle, C. G. Interplay of polarization fields and
auger recombination in the efficiency droop of nitride light-emitting diodes. Appl.
Phys. Lett. 101, 231107–231107 (2012).

31. Rastogi, A. & Budhani, R. Solar Blind Photoconductivity in Three-Terminal
Devices of LaAlO3/SrTiO3 Heterostructures. Opt. Lett. 37, 317–319 (2012).

32. Zhou, K.-J. et al. Localized and Delocalized Ti 3d Carriers in LaAlO3/SrTiO3

Superlattices Revealed by Resonant Inelastic X-ray Scattering. Phys. Rev. B 83,
201402 (2011).

33. Rastogi, A., Pulikkotil, J. J. & Budhani, R. C. Enhanced Persistent
Photoconductivity in d-Doped LaAlO3/SrTiO3 Heterostructures. Phys. Rev. B 89,
125127 (2014).

34. Chambers, S. et al. Instability, intermixing and electronic structure at the epitaxial
heterojunction. Surf. Scien. Rep. 65, 317–352 (2010).

35. Berner, G. et al. Direct k-Space Mapping of the Electronic Structure in an Oxide-
Oxide Interface. Phys. Rev. Lett. 110, 247601 (2013).

36. Drera, G. et al. Intrinsic origin of interface states and band-offset profiling of
nanostructured LaAlO3/SrTiO3 heterojunctions probed by element-specific
resonant spectroscopies. Phys. Rev. B 90, 035124 (2014).

37. Slooten, E. et al. Hard x-ray photoemission and density functional theory study of
the internal electric field in SrTiO3/LaAlO3 oxide heterostructures. Phys. Rev. B
87, 085128 (2013).

38. Huang, B.-C. et al. Mapping Band Alignment across Complex Oxide
Heterointerfaces. Phys. Rev. Lett. 109, 246807 (2012).

Author contributions
A.K. and E.D.G. prepared the samples, E.D.G. performed the cryogenic transport
measurements, U.C. and G.A. carried out the phototransport measurements, U.S.d.U. and
F.M.G. wrote the main manuscript text. All authors reviewed the manuscript.

Additional information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Di Gennaro, E. et al. Photoresponse dynamics in
amorphous-LaAlO3/SrTiO3 interfaces. Sci. Rep. 5, 8393; DOI:10.1038/srep08393 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 5 : 8393 | DOI: 10.1038/srep08393 6

http://creativecommons.org/licenses/by/4.0/

	Photoresponse dynamics in amorphous-LaAlO3/SrTiO3 interfaces
	Introduction
	Results and Discussion
	Conclusion
	Methods
	References


