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ersistent photocurrent (PPC) consists

in a photoinduced increase in the

electrical conductivity that persists
after switching off the illumination, often
with immeasurably long time constants.’
Several semiconductor-based heterostruc-
tures, such as conducting GaAs on Cr-doped
semi-insulating GaAs substrates® and AlGaAs/
GaN,? exhibit PPC. In these systems the phe-
nomenon is truly persistent only below room
temperature, while at room temperature
photocurrent decays with a characteristic time
of thousands of seconds. PPC phenomena
have been observed in other semiconducting
systems, such as GaN nanowires” and, more
recently, rough silicon nanomembranes.® In
the latter case a giant photoinduced increase
in conductivity, approximately 3 orders of
magnitude larger than the dark conductivity,
was measured. PPC effects have been mea-
sured in oxide systems too: photoinduced
superconductivity, connected with the occur-
rence of PPC, has been demonstrated in
underdoped YBa,Cu;0,_,.° and an enhance-
ment of photoconductivity was observed at
the interface between SrTiO; and amorphous
CaHfOs, albeit only when fabricated by pulsed
laser deposition.”

PPC in semiconducting heterostructures
is ascribed to two main mechanisms: (a) the
existence of macroscopic potential barriers
due to junctions, surface barriers or doping
inhomogeneities that spatially separate the
photogenerated electron/hole pair, or the
photoexcited carrier from the parent donor/
acceptor defect,® and (b) the existence of
potential barriers located at the atomic
scale at centers with large lattice relaxation,
where the empty defect level lies above the
minimum of the conduction band and the
occupied level lies within the band gap.®

A PPC effect based on the “a” mechanism,
due to a possible charge-separation effect,
can be envisaged also in the case of the

TEBANO ET AL.

-1

1074 sTO substrate, dark
@ STO/LAO, dark

39 STO/LAO, UV 395nm
@ STO/LAO, visible light

ABSTRACT

10° 1 6-10° Q"

F'c; 3 & P ——9
7 A

O
kot ]
=
T
8 -9
S 10°4 \@\
el
(0]
N
©
£
5
=

10"

T T T
15 1.8 21 24

T T
27 3.0 3.3 3.6

1000/T K

SrTi05/LaAlO; interfaces show an unprecedented photoconductivity effect that is persistent

even at room temperature and giant as it gives rise to a conductivity increase of about 5 orders

of magnitude at room temperature. The persistent photoconductivity effects play a paramount

role in the still controversial intrinsic behavior of the SrTi0s/LaAlO; interfaces, as even a limited

exposure to visible light is able to strongly modify the electrical transport properties of the

interface even above room temperature, while only an appropriate thermal treatment in a

dark environment can completely suppress the persistent photoconductivity effect unveiling

the intrinsic conduction mechanism of the interface. Moreover, our study demonstrates that

the origin of the high conductivity, revealed at the STO/LAQ interface at room temperature, is

purely electronic.

KEYWORDS: SrTiO3/LaAlOs interfaces - persistent photocurrent -

electrochemical impedance spectroscopy

interface between an epitaxial LaAlO3 (LAO)
film grown on a TiO,-terminated (001) SrTiO3
(STO) substrate. Epitaxial LaAlOs (LAO) films
grown on a TiO,-terminated (001) SrTiOs
(STO) substrate have received great attention
in the past decade. Both STO and LAO are
band insulators, even though STO shows a
small residual mixed ionic/electronic conduc-
tivity above room temperature. When the
thickness of the LAO film exceeds four unit
cells, a highly mobile, quasi-two-dimensional
electron gas (q2DEG) is formed at the inter-

face between the two perovskite-type oxides.”'°
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Such a positively charged interface layer is compen-
sated by a negative electronic space charge region.
This negative electronic space charge region is respon-
sible for the q2DEG, which extends several nm below
the interface and gives rise to an electrical dipole
region with an associated potential barrier. Mainly
three possible mechanisms at the origin of such a
2DEG at the interface have been proposed, but a full
consensus has not been reached yet. The first mecha-
nism is based on the polarity discontinuity at the inter-
face between the nonpolar sequence of atomic planes
in the substrate (SrO°/TiO,°) and the polar sequence in
the film (LaO""/AIO,~")."" Such a discontinuity is ex-
pected to give rise to an electrostatic potential in the
LAO film that diverges with thickness. A divergence
catastrophe at the AlO,/LaO/TiO, interface is avoided
by adding half an electron per formula unit to the TiO,
interface layer. A second mechanism foresees the
formation of a high density of oxygen vacancies in
the STO substrate.'*' Namely, for LAO films grown on
a STO substrate at a background oxygen pressure
below 107—10"* mbar, a high concentration of oxy-
gen vacancies is originated in the substrate bulk that
gives rise to n-doping and to an increase of several
orders of magnitude of its bulk electrical conduc-
tivity.'" Recently, an oxygen transfer between the
substrate and the as-grown thin film was observed
for SrTiO3; and LaAlOs thin films, deposited onto SrTiO3
and LaAlOs substrates, indicating that the film is oxy-
gen deficient and a chemical gradient favors oxygen
supply via the substrate.'® Cathode-luminescence
measurements'®'” on LAO/STO heterostructures have
shown the presence of a strong blue light signal
peaked at 460 nm. This signal was ascribed to elec-
tronic traps within the band gap associated to oxygen
vacancies. The cathode-luminescence signal, though
strongly reduced after an oxidizing treatment, cannot
be fully suppressed, indicating the presence of bulk
residual oxygen vacancies even in fully oxidized sam-
ples. Finally, a third mechanism based on the possibil-
ity of La/Sr short-range interdiffusion'®'® through a
few unit cells at the interface, with La®" cations
substituting Sr*" in the STO structure, has to be
considered.

The first mechanism, based on the polar disconti-
nuity, believed to be at the origin of the q2DEG at the
LAO/STO interface, is the most likely. In fact, as shown
by Meevasana et al.?° a q2DEG can also be created at
the bare SrTiO3 surface, where it is not possible to
foresee any cations intermixing, as supported also by a
recent study of Reinle-Schmitt et al.?' Moreover defects
as a major source for the g2DEG is probably also not
very likely due to the large diffusion length of oxygen
defects created at the elevated deposition temperatures.

In this paper we show that a giant PPC effect
(an increase in conductance at room temperature of
about 5 orders of magnitude) that relaxes only well
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above room temperature can occur in SrTiOs/LaAlO;
heteroepitaxial structures, activated by an electromag-
netic radiation with a wavelength of 395 nm. The
characteristic PPC decay time is immeasurably long
at room temperature. A decay of PPC with a measur-
able characteristic time can be achieved only above
500 K.

RESULTS AND DISCUSSION

The LAO films were deposited by pulsed laser de-
position with in situ reflection high energy electron
diffraction (RHEED) diagnostic, onto STO (001) oriented
substrates. The LAO film thickness was controlled with
a precision of a single unit cell monitoring in situ the
oscillations of the RHEED specular spot. Figure 1a
shows the RHEED intensity oscillations during the film
deposition. The good interface quality and the layer-
by-layer nature of the growth process is proved by the
RHEED diffraction pattern, obtained at the end of the
LAO film deposition, which showed typical 2D features
(inset of Figure 1a). The LAO film deposition rate and
the thickness was estimated, independently from the
RHEED intensity oscillations, also by X-ray diffraction
size-effect interference fringes. Figure 1b shows the
X-ray diffraction size-effect interference fringes ob-
tained for a 22 unit cells thick LAO film deposited onto
STO (001) oriented. From the X-ray diffraction size-
effect interference fringes calibration and from the
RHEED intensity oscillations the thickness of the in-
vestigated LAO film was estimated to be about 6.0 nm.
Moreover the X-ray diffraction size-effect interference
fringes indicate the good crystallographic quality of
the deposited LAO films. Finally, to obtain fully oxi-
dized samples, the as-grown STO/LAO interfaces were
postannealed in O, at 573 K for 12 h in a tubular
furnace under visible light. After such an oxidation
treatment, the STO/LAQ resistance increased, reach-
ing a saturation value larger by a factor of 50 than
the value measured for the as-grown samples. This
result clearly shows that the conductance of the as-
grown samples was mostly due to oxygen deficiency
resulting from the deposition process. We argue
that the above treatment was able to fill as many
as possible of the oxygen vacancies originated by
the deposition process and that we obtained fully
oxidized samples.

The STO/LAO sheet resistance as a function of the
temperature was measured by electrochemical imped-
ance spectroscopy (EIS), for the first time to the best of
our knowledge. The EIS technique, compared with the
standard DC four probe technique, allows discrim-
ination between purely electronic and ionic or mixed
ionic-electronic conduction mechanisms. This circum-
stance is particularly relevant for the STO/LAO inter-
faces because stoichiometric STO can be a mixed ionic/
electronic conductor,?* while conduction at the inter-

face is reported to be purely electronic:>?®> namely,
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Figure 1. (a) RHEED intensity oscillations obtained during the deposition of a 15 unit cells thick LAO film onto STO (001)
oriented substrate. The RHEED diffraction pattern, obtained at the end of the LAO film deposition showed typical 2D features
(inset); (b) X-ray diffraction size-effect interference fringes for a LAO film deposited onto STO (001) oriented substrate; the
dashed curve (red line) represents a simulation for a 22 unit cells thick LAO film.
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Figure 2. STO/LAO sheet resistance as a function of temperature and time, measured in the dark and O, atmosphere, heating
(red dots) and cooling (blue dots) the sample between room temperature and 573 K (a). Complex impedance plane plots of
the STO/LAO recorded at room temperature (b), after heating the sample at 423 K (c) and maintaining the same temperature

for 25 h (d), and further heating at 523 K (e).

using EIS measurements, it is possible to clearly dis-
criminate the electrical response of the STO/LAO inter-
face from the bulk STO substrate contribution. The
conductance of the oxygen postannealed STO/LAO
and of a STO reference sample was measured by EIS
while the samples were kept in a dark environment at
an O, pressure of 1 atm. Both samples were annealed
up to 573 K and successively cooled down to room
temperature. A special care was devoted to shield-
ing the samples from any source of light during the
thermal treatment. Figure 2 shows the behavior of
the STO/LAO sheet resistance (Rg) as a function of
both temperature and time. At room temperature the
sheet resistance remained almost unchanged after one
day. At 373 K, a sizable increase in the STO/LAO sheet
resistance with time was measured, reaching after 25 h
a saturation value about 400 times larger than the
initial one at this temperature. Such an effect cannot be
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explained by a further oxygen uptake. We attribute the
large increase in Ry to thermal relaxation of the
PPC effect induced by past exposure to light of the
STO/LAO heterostructure. Further increasing the tem-
perature up to 573 K resulted in a decrease in Rn.

As shown in Figure 2, no hysteretic effects were
observed on cooling the sample from 573 to 423 K. On
the contrary, R below 423 K turned out to be much
larger after the thermal treatment in dark environment,
with an increase of almost 5 orders of magnitude at
room temperature (1 x 10'° Q/Oinstead of 2.5 x 10° Q/0).
Figure 2 also shows the complex impedance plane
plots acquired at room temperature (Figure 2b),
as the sample reached the temperature of 423 K
(Figure.2c), and at 423 K after 25 h (Figure 2d). At the
beginning of the thermal cycle in dark environment,
the EIS plots showed only one semicircle without any
feature in the low frequency region. Given that Pt
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Figure 3. STO/LAO normalized conductance as a function of
temperature, after the dark annealing at 573 K, still shield-
ing the sample from any light (black dots), and illuminating
the sample by a UV lamp of 395 nm (pink dots) and by
visible light (blue dots). Also the STO substrate conductance
(gray dots) is reported for comparison.

electrodes were used, this is clear evidence of pure
electronic conductivity. After annealing the sample in
dark environment at 423 K for 25 h, not only the value
of the sheet resistance (calculated from the intercept of
the semicircle with the real axis at low frequency) but
also the shape of the EIS plots at low frequency (the
electrode response) showed a significant difference,
with the appearance of a straight line resulting from
electrode polarization. This finding is consistent with
the presence of oxygen ions as the main charge carriers
in the STO substrate that accumulate at the Pt elec-
trode, which acts as a blocking electrode. At 523 K,
the presence of a small semicircle at low frequency,
associated to the Pt electrode, indicates a mixed
electronic/ionic conduction mechanism, suggesting
that the major contribution to conductivity comes
from the bulk of the STO rather than from the STO/LAO
interface.

Figure 3 summarizes the major results of this paper.
We have investigated the photoinduced effects illumi-
nating the STO/LAO sample by both a UV lamp
(wavelength 395 nm) and visible light. Figure 3 shows
the STO/LAO normalized conductance as a function of
the temperature after annealing in dark at 573 K, still
shielding the sample from any light (black dots), and
illuminating the sample by the UV lamp (pink dots) and
by visible light (blue dots). Also the STO substrate
conductance (gray dots) is reported for comparison.
Figure 3 shows the normalized conductance as a
function of temperature in O, atmosphere also for a
bare STO substrate and the STO/LAO sample after PPC
thermal suppression. The black continuous lines are
guides for the eye. For the bare STO substrate, a
single activation energy of 0.69 eV was observed in
the whole temperature range, in agreement with
literature data.>* Similar conductance and activation
energy values were measured for the STO/LAO sample
above 373 K, indicating that, in this temperature range,
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Figure 4. The decay of the induced electronic photocon-
ductivity in a dark environment at room temperature is
extremely slow; after 24 h the sample sheet resistance was
not even doubled.

the contribution of the interface is negligible. Below
373 K the normalized conductance of STO/LAO di-
verges from that of the STO substrate, showing a much
weaker dependence on temperature. We attribute this
contribution to the interfacial q2DEG conductance
becoming predominant at low temperatures. There-
fore we argue that only below 373 K, the true intrinsic
conductance of the q2DEG at the interface is observed,
while above 373 K the mixed ionic/electronic contribu-
tion from the much thicker STO substrate predomi-
nates, hindering the intrinsic interface electronic
contribution. By intrinsic conductivity we mean the
conductivity of a fully oxidized interface where the PPC
was suppressed by a suitable thermal treatment in a
dark environment. Recently Meevasana et al.>° showed
that a g2DEG can be created at the bare SrTiOs surface
and that it is possible to control its carrier density
through exposure to ultraviolet radiation. They argued
that the irradiation by intense ultraviolet light in ultra-
high vacuum mediates a change in the surface of
the SrTiOs, which causes oxygen desorption from the
surface and consequently induces the 2DEG.

We performed STO/LAO conductance measure-
ments at room temperature under illumination by UV
lamp. To be sure that the oxygen vacancy contribution
to the conductivity is negligible, we performed the
conductance measurements in an oxygen atmosphere
after achieving full oxidation of the samples. Under
these experimental conditions, the conductance in-
creased by about 5 orders of magnitude. On the
contrary, no PPC effect was detected, as expected,®
for the bare STO reference sample. A flux of 3 x 10"7
photons per second was able to saturate completely
the effect in a very short time interval (less than 1 s).
Figure 4 shows the decay of the induced electronic
photoconductivity in a dark environment at room
temperature. The decay is extremely slow; after 24 h
the sample sheet resistance was not even doubled,
consistently with the results reported by Huijben et al.*®
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TABLE 1. Comparison between PPC Values Reported in
the Literature for Different Materials

material ppc effect magnitude temperature reference
GaN 3 300 K 25
Gay N Asyy 5 150 K 26
Alp.1Gag oN/GaN 10° 300 K 27
Si:H multilayer 10% 300 K 2
$i membranes 10° 300 K 5
STO/LAO 10° 300 K present work

for (LaO)™/(TiO,)° interfaces. This figure must be com-
pared with an increase of 5 orders of magnitude in the
sheet resistance that would result from complete
suppression of any PPC effect at room temperature.
To disentangle the PPC contribution to the con-
ductance mechanism of the q2DEG at the STO/LAO
interface, it was necessary to restore the intrinsic con-
ductance by thermal annealing, carefully avoiding any
lighting of the sample.

While the intrinsic conductance of the STO/LAO
interface showed a thermally activated behavior, its
photoinduced conductance was metallic-like, slightly
decreasing as the temperature was increased above
room temperature. Above 523 K, the photoinduced
conductance started decreasing more rapidly, until
collapsing to the bulk STO value at about 623 K.

The reported phenomenon of giant persistent
photoconductivity at the STO/LAO interface is quanti-
tatively much larger than any other PPC effect pre-
viously reported in the literature. The experimental
deposition-annealing protocol followed during the
samples preparation and during the photoconductiv-
ity measurements plays a fundamental role in the PPC
effect values observed in the different studies. Table 1
reports the PPC effect values obtained from the litera-
ture for several semiconductors.>*” 3 It is possible to
notice that the PPC effect we discovered at the STO/
LAO interface is at least 2 orders of magnitude larger
than the largest reported in the literature for rough Si
membranes. The giant PPC effect at the STO/LAO
interface can be qualitatively explained by the same
mechanism active in the case of semiconducting inter-
faces. The energy associated with the wavelength of
our radiation source is just below the band gap of STO
(3.2 eV), therefore it is not able to excite hole/electron
pairs. However, residual oxygen vacancies behave as
electron traps for the electrons. These traps are located

METHODS

The LaAlOs films were deposited by pulsed laser deposition, using
an excimer laser charged with KrF (248 nm wavelength, pulse width
25 ns, repetition rate 5 Hz). The laser beam, with energy of 200 mJ per
pulse, was focused in a vacuum chamber onto a commercial poly-
crystalline LAO target disk. A substrate of STO (001) oriented single
crystal was placed at a distance of about 50 mm from the target on a
heated holder. The substrate temperature was maintained constant

inside the energy gap of STO.>' Once a free electron
has been generated by the absorption of a photon, the
macroscopic potential barrier due to the positively
charged layer at the interface of a TiO,-terminated
STO substrate and the negative electronic space
charge region, responsible for the g2DEG, spatially
separates the photoexcited electron from the par-
ent donors defect bringing it close to the interface
where all traps are already neutralized, thus giv-
ing rise to the PPC phenomenon. Although a close
connection between giant PPC and g2DEG is not
proven the simultaneous occurrence of two strik-
ing phenomena such as the q2DEG creation and
the giant PPC effects at the LAO/STO interface
is probably not fortuitous and deserves a better
comprehension.

CONCLUSIONS

Using EIS measurements we have demonstrated, for
the first time to the best of our knowledge, that fully
oxidized STO/LAOQ interfaces show a giant PPC effect at
room temperature, which can be explained on the
same general ground as the PPC effect observed for
semiconducting heterostructures. However, different
from the effect in standard semiconducting hetero-
structures, PPC at the STO/LAO interface is persistent
even at room temperature and giant as it gives rise to a
conductivity increase of about 5 orders of magnitude,
the largest ever reported for any semiconducting
heterostructures. The room temperature persistence
and the giant value of PPC at the STO/LAO interface
may renew interest and open new perspectives for the
practical exploitation of these heterostructures, such as
bistable optical switches®? and radiation detectors.>®
Moreover, from the viewpoint of understanding funda-
mental physical mechanisms, it should be noticed that
PPC effects must be carefully controlled to unveil the
intrinsic behavior of the STO/LAO interfaces, as even a
limited exposure to visible light can strongly modify
the electrical transport properties of this system
even above room temperature, since we clearly
demonstrated that only a thermal treatment in a
dark environment can completely erase the PPC
effect. Furthermore, our conductivity measurements
allow concluding that the high conductivity, re-
vealed at the LAO/STO interface at room tempera-
ture, is purely electronic.

during the deposition at about 1000 K in an oxygen atmosphere
pressure of 5 x 1072 Pa. After the growth, samples were cooled to
room temperature in about 1 hin 1 mbar of molecular oxygen. In these
conditions the growth rate was about 1.5 x 10~ nm per laser shot.

For the electrical measurements, two parallel strip-shaped
Ti—Pt electrodes were deposited on the film surface and wired
to the read-out electronics using Pt paste and wires. Electron
beam deposition was used for the thermal evaporation of Tiand

TEBANO ET AL. VOL.6 = NO.2 = 1278-1283 = 2012 @%\\Qj 1282

WWww.acsnano.org



Pt. Ten nanometers of Ti and 100 nm of Pt films were deposited
in situ at a base pressure of about 5 x 107> Pa to vacuum, using
an accelerating voltage of 20 kV and an emission current of
about 80 and 250 mA, respectively, achieving a deposition rate
of a few A/s. The electrodes were deposited at room tempera-
ture and patterned by a stencil mask. Electrochemical imped-
ance spectroscopy (EIS) measurements were carried out using
a multichannel potentiostat VMP3 (Bio-Logic) in the 10 mHz and
1 MHz frequency range.
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