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Abstract

®

CrossMark

We report the photoresponsive characteristics of (00 1), (110), and (11 1) LaAlO3/SrTiO;
heterointerfaces deposited at different oxygen pressures using a 360 nm light. The results

show that LaAlO3/SrTiOs; interfaces with less oxygen vacancies exhibit a larger resistance
change when illuminated by light and a slower recovery process when light is off. In addition,
the (1 10) LaAlO3/SrTiO3 heterointerfaces present the smallest photoinduced change and
residual photoinduced change in the resistance, which are related to the negligible polarization
discontinuity at the interfaces. Our results provide a deeper insight into the photoinduced
properties in the 2D electron gas system, paving the way for the design of oxide optoelectronic

devices.
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1. Introduction

In recent years, striking discoveries have revealed that the
two-dimensional electron gas (2DEG) confined at the oxide
interfaces is a potential candidate for novel photonic and opto-
electric devices [1, 2]. Particularly, the (00 1) LaAlO5/SrTiO;
(LAO/STO) heterointerfaces have been largely focused due to
demonstrating a 2DEG with superconductivity, magnetic prop-
erties, electronic phase separation and so on [3—6]. Generally,
the appearance of 2DEG at LAO/STO interfaces is ascribed
to the electronic reconstruction induced by the polar discon-
tinuity from the structural intrinsic nature [7, 8]. Therefore,
the (111) LAO/STO interface, exhibiting the polar disconti-
nuity, also has been confirmed to hold a 2DEG [9, 10]. These
results strongly support this picture. Nevertheless, for the case
of (110) LAO/STO heterointerfaces, STO can be represented
by planar stacks of [SrTiO]** and [0,]*~ and LAO can be rep-
resented by planar stacks of [LaAlO]** and [O,]*~. Thus, there
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are no polarization discontinuities at the interfaces. Based on
the polar catastrophe, no 2DEG should be formed at (110)
LAO/STO interfaces. However, recent experiments indicate
that the unexpectedly high-mobility metallic conductivity
has been observed at (110) LAO/STO interfaces [9, 11-13].
Therefore, the mechanism of 2DEG at the interface is still
elusive [14-17]. On the other hand, light can be a powerful
external perturbation that may be used to manipulate the trans-
port properties [18-21]. In particular, the photoconductivity
of 2DEG has attracted broad attention owing to the develop-
ment of optoelectronic applications, such as optical switching
devices and photo detectors [22, 23]. The persistent photocon-
ductivity (PPC) with a large relaxation time has been observed
at conductive LAO/STO (00 1) interfaces, indicating the role
of band bending and vacancies [24]. Some effects of surface
state, doping, electric field gating, on the photoconductivity,
have also been investigated [25-27]. Until now, most of the
researches are focused on photoresponsive properties of (00 1)
LAO/STO heterointerfaces. And the investigation of photore-
sponsive properties at LAO/STO (111) and (1 10) interfaces
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remains lack although it contributes to revealing intrinsic
mechanisms of 2DEG. Thus, the photoresponsive properties of
LAO/STO (111) and (110) interfaces are investigated by the
illumination with a 360nm light in this work.

2. Experimental techniques

Before the growth of LAO films by pulsed laser deposition,
the STO (5 x 5 x 0.5mm?) substrates were pretreated using
different methods. For the (00 1) case, substrates were treated
with well-established conditions: buffered HF for 41 s followed
by thermal annealing at 970 °C for 2h in air [28, 29]. For the
(111)-oriented STO, the substrates were etched for 43s and
then annealed at 1000 °C for 2h in air. For the (1 10)-oriented
STO, the substrates were annealed for 150min at 1000 °C in
air without etching [30]. The surface of samples was examined
by MFP-3D atomic force microscopy (AFM). All substrates
show atomically smooth terraces and edges with steps corre-
sponding to the STO interplanar distance in height as shown
in figure S1 (stacks.iop.org/JPhysCM/32/135002/mmedia)
in sup-info. The treated substrates were attached to a heater
positioned 65 mm from the single crystalline LAO target. The
growth parameters for the crystalline interfaces were as fol-
lows: 150 mJ/pulse for the laser energy, 800 °C for the deposi-
tion temperature, and different oxygen pressures (PO;) ranging
from 4 x 10! to 4 x 1073 Pa. X-ray reflectivity (XRR) was
carried out by a PANAlytical X’Pert Pro x-ray diffractometer
with Cu Ko x-ray source. The thickness of LAO layer is esti-
mated to be about 6.4 nm. The sheet resistance, carrier density,
and carrier mobility were measured by using Van der Pauw
method in a closed cycle He refrigerator with quartz glass win-
dows. The four small contacts were placed on the corners of
samples. Samples were irradiated using a light with a wave-
length of 360nm (~3.44eV) and the power density was about
0.5 W cm 2. The spot size of light was 4 mm in diameter after
a beam expander and the light was focused uniformly on the
area of films. The details of photoresponsive experiments were
demonstrated in our recent works [31, 32].

3. Results

Figure 1(a)-(c) display AFM images, showing the surface
morphology of the (001), (111), and (110) LAO/STO het-
erointerfaces deposited at 4 x 1073 Pa, respectively. The ter-
races remain observable and there are no significant changes
in the surface roughness as compared to STO substrates. The
averaged surface roughness is about 105.1, 107.8 and 154.1
pm, respectively, indicating the uniform growth of LAO film.

The variations of sheet resistance, carrier density, and
mobility as a function of temperature for (001), (111) and
(110) LAO/STO heterointerfaces deposited at different PO,
are shown in figures 2(a)—(c), respectively. As can be seen,
the (110) sample shows a higher resistance than (001) and
(111) LAO/STO interfaces deposited at the same PO,, sug-
gesting the (001) and (111) interfaces produce better con-
ductivity. This behavior is consistent with the normalized R(T)
curve with respect to its value at 300K as given in figure S2

in sup-info. In addition, all the LAO/STO samples evidently
exhibit a strong dependence on PO, of growth. Films depos-
ited at 4 x 1073 Pa present metallic interfaces as cooling from
300K to 20K. Increasing PO, to 4 x 102 Pa results in the
presence of a distinct metal-to-insulator transition around
T = 30K upon cooling at the (110) LAO/STO heterointer-
face. However, the (001) and (111) LAO/STO heterointer-
faces still maintain the metallicity. When PO, is increased to
4 x 107! Pa, all heterointerfaces favor the insulating behavior,
which is similar to the observation at NdGaO3/STO interfaces
related to oxygen vacancies in STO substrate [33-35]. For
those heterointerfaces grown at a lower oxygen pressure, the
high-density oxygen vacancies induce the larger carrier den-
sity [36, 37]. Carrier densities at different PO, further confirm
this. The carrier densities vary from 3.7 x 10" to 5.3 x 10"
em 2, 3.5 x 101 to 7.0 x 10" cm™2, and 8.7 x 10" to
14.7 x 10" em~2 at 300K for (001), (111), (110) LAO/
STO prepared at 4 x 1072 and 4 x 1073 Pa, respectively. It is
obvious that the carrier densities of all the interfaces decrease
during cooling below ~100K, suggesting the carrier freeze-
out which can be ascribed to the carrier localization induced
by oxygen vacancies as reported in STO [38]. In addition, it
is also observed that the carrier mobilities of all the interfaces
increase during cooling. For (001) and (111) LAO/STO
interfaces, the mobilities at low temperature clearly increase
with increasing PO,. However, for (1 10) LAO/STO interface,
there is no significant change in mobility at different PO,.

To investigate the photoresponsive properties of (001),
(111), and (110) LAO/STO heterointerfaces, we measure
the time dependence of resistance for the heterointerfaces
deposited at 4 x 1072 Pa under a 360nm light illumination
at interval temperatures between 20 and 300K, as shown in
figure 3. The temporal dependence of resistance at heterointer-
faces deposited at 4 x 107 and 4 x 107! Pa is displayed in
sup-info (figures S3 and S4). It can be seen that all samples
change from a high-resistance state to a low-resistance state
when the light is on. The resistances of heterointerfaces under
the irradiation decrease at different temperatures and cannot
restore their originating values when the light is off. It is
worthwhile to note that all the heterointerfaces show a PPC
effect although the samples are fabricated on the substrates
with different orientations.

In order to compare the change in resistance of samples
induced by light, we define the photoinduced relative change
in the resistance (AR;) as (Rq — Rp)/Ry, where Ry is the resist-
ance in dark and R, is the resistance under light illumination
[2]. The AR, versus temperature curves for LAO/STO hetero-
interfaces deposited at different PO, are plotted in figure 4. It
is obvious that the AR, value is sensitive to the PO, as given in
sup-info (figure S5) [39]. When PO, = 4 x 107! Pa, the AR,
value is nearly 100% at 20 K. However, it is about 90% at 20K
for the samples with PO, = 4 x 1073 Pa. The value decreases
monotonically with increasing temperature and gradually
saturates as the temperature is above 100K. In addition, it is
obvious that (110) interfaces exhibit the lowest AR,, values
in the temperature range of 20-300K, which may be related
to nonpolar discontinuity. On the contrary, the AR, values of
(001) and (111) interfaces are nearly the same at 4 X 1072
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Figure 1. (a)-(c) The AFM images of LAO films deposited at PO, = 4 x 1073 Pa on the (001), (1 11) and (1 10) STO substrates,
respectively. The scale bar is 500 nm.
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Figure 2. (a)—(c) Temperature dependence of sheet resistance, carrier density and electron mobility for (00 1), (111) and (110) LAO/STO
heterointerfaces deposited at different PO,, respectively.
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Figure 3. (a)-(c) Time evolution of resistance for (001), (111), and (1 10) LAO/STO heterointerfaces deposited at PO, = 4 x 1072 Pa
under the illumination at temperature range of 20 K-300K, respectively.
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Figure 4. (a)—(c) Photoinduced change in the resistance as a function of temperature at (00 1), (111) and (1 10) LAO/STO heterointerfaces
deposited at different PO,, respectively.
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Figure 5. (a)—(c) Residual photoinduced change in the resistance as a function of temperature at (00 1), (111) and (110) LAO/STO

heterointerfaces deposited at different PO,, respectively.

Pa. Besides this, it is also worth noting that the AR, value of
(111) interfaces is a little larger than (00 1) interfaces at low
temperature at PO, = 4 x 1073 Pa. This might be related with
the lager lattice mismatch of (11 1) interfaces [9]. For further
investigating the photoresponsive recovery process, we also
concern on a surplus photoinduced change in the resistance
(ARy), which is defined as (R, — Rgq)/Rq, where Ry, is the bal-
anced resistance after the first illumination. Figure 5 shows
the temperature dependence of AR. It is clearly that the AR
value decreases with increasing the temperature. Besides,
ARy values increase with increasing PO, as given in sup-info
(figure S6). It is also worth mentioning that the (1 10) inter-
face exhibits the lowest ARy values in the temperature range
of 20-300 K, meaning the fastest recovery process.

4. Discussion

The change tendency of AR, is caused by the thermal fluctua-
tions at higher temperatures or the absence of lattice vibrations
at low temperatures [40, 41]. The photon energy of light in the
experiments is 3.44 eV (360 nm), which is higher than the band
gap of STO. Hence, electrons are promoted from the valence
band to the conduction band of STO close to the interface
under irradiation. More electrons take part in the conduction,
resulting in a decrease in the resistance in the metallic state of
all the heterointerfaces. Moreover, because the oxygen vacan-
cies locating inside the energy gap of STO also act as electron
traps, PO, plays a significant role in the photoconductivity
properties of LAO/STO interface. The samples deposited at

higher PO, with less oxygen vacancies exhibit larger AR,
[42, 43]. We can speculate that photogenerated carriers have
a stronger effect on the heterointerfaces with lower carrier
densities deposited at higher PO,.

It has been proved that oxygen vacancies at (001) LAO/
STO act as electronic traps and locate below the conduction
band of STO [44, 45]. Therefore, the photoexcited electrons
will recombine immediately with the electron traps related to
oxygen vacancies, when the light is off. Because less in-gap
states will be formed with less oxygen vacancies, the slower
recovery process is observed at the heterointerfaces fabricated
in high PO,. Thus, the sample prepared in PO, = 4 x 10! Pa
presents the slowest recovery process and hence the largest
ARy value. This is consistent with the fitting results of relaxa-
tion characteristics for the LAO/STO heterointerfaces grown
at different PO, [39]. With the infrared ellipsometry and dc
resistance measurements, Yazdi-Rizi et al found that a frac-
tion of photogenerated charge carriers still persist after the
light is switched off [46]. They obtained an evidence that
the trapping of photogenerated oxygen vacancies at defects
would strongly influence the lifetime of related itinerant elec-
trons. Their results also point out the main difference between
(001) LAO/STO and (110) LAO/STO heterostructures.
For the former interfaces, the permanent charge carriers are
likely caused by polar catastrophe or the fully saturated and
stable oxygen vacancies in initial state (polar catastrophe also
play important role in this case). But for (110) LAO/STO
heterostructures, the carries that are trapped in the vicinity
of interfaces originating from oxygen vacancies. Therefore,
the results show that oxygen vacancies play a crucial role in



J. Phys.: Condens. Matter 32 (2020) 135002

HYan et al

the photoresponsive properties of (001), (111) and (110)
LAO/STO heterointerfaces. More importantly, the difference
among three interfaces in photoresponse also deserves special
attention. For (00 1) and (1 1 1) interfaces, both polar disconti-
nuity and oxygen vacancies jointly contribute to the interfacial
conduction. However, only oxygen vacancies are responsible
for the conductivity at the (110) interface. This is the reason
that the photoresponsive properties of (001) and (111) LAO/
STO interfaces are stronger than that of (1 10) LAO/STO.

5. Conclusions

In conclusion, we have carried out a comprehensive photo-
responsive study of (001), (I111), and (110) LAO/STO het-
erointerfaces deposited at different oxygen pressures. It is
obtained that the polar discontinuity is responsible for the dif-
ferences in photoresponse between (001), (111), and (110)
LAO/STO heterointerfaces. In addition to this, the photoin-
duced resistance modulation of LAO/STO heterointerface is
highly sensitive to the oxygen vacancies. The heterointerfaces
with less oxygen vacancies exhibit a larger resistance change
when illuminated by light and a slower recovery process when
light is turned off. These results are significant for studying
the properties of oxide 2DEG.
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