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The high-mobility two-dimensional electron gas (2DEG) generated at the interface between two wide-
band insulators, LaAlOz (LAO) and SrTiOz (STO), is an extensively researched topic. In this study, we have
successfully realized reversible switching between metallic and insulating states of the 2DEG system via
the application of optical illumination and positive pulse voltage induced by the introduction of oxygen
vacancies as reservoirs for electrons. The positive pulse voltage irreversibly drives the electron to the
defect energy level formed by the oxygen vacancies, which leads to the formation of the insulating state.
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Subsequently, the metallic state can be achieved via optical illumination, which excites the trapped elec-
tron back to the 2DEG potential well. The ON/OFF state is observed to be robust with a ratio exceeding
105; therefore, the interface can be used as an electrically and optically erasable non-volatile 2DEG
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1. Introduction

Two-dimensional electron gas (2DEG) confined at the heteroin-
terface between LaAlO; (LAO) and SrTiO; (STO) has garnered
significant attention over the recent years." ® It exhibits several
interesting physical phenomena and application potentials,
such as superconductivity,” ' magnetism,'* enhanced Rashba
spin-orbital coupling effect,"®'* and strong electrical field
effects.'*™® The mechanism underlying the formation of
2DEG has been widely studied.’*>* Among the various pro-
posed theories, the polar catastrophe and oxygen vacancy
mechanisms have been widely accepted. The polar catastrophe
mechanism states that to avoid the polar catastrophe, half of
the electrons from the LAO surface are transferred to the inter-
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face and trapped at the 2DEG quantum well (QW) induced by
the energy band reconstruction.>® In contrast, according to the
oxygen vacancy mechanism, oxygen vacancies, which act as
sources of free electrons, are produced at the interface of the
STO substrate during the growth of the LAO layer.*"**

Previous studies on the interface between the epitaxial,
wide-bandgap insulators, LAO and non-polar STO, have
revealed that it is either a high-mobility electron conductor or
an insulator, depending on the atomic stacking sequences and
thickness of the LAO layer.'®*%?>2¢ For practical applications,
it is desirable to have the ability to modulate the physical pro-
perties of the 2DEG by applying external stimuli. Although
modulation of the carrier density and mobility of the 2DEG
system has been realized via electric field gating,>'>'® optical
illumination,> and ferroelectric gate effect,”” comprehensive,
non-volatile, and reversible control of all physical properties is
coveted as it would immensely benefit the practical appli-
cations of 2DEG systems.

In this study, a defect energy level was induced by the intro-
duction of oxygen vacancies that serve as reservoirs for elec-
trons. By applying an appropriate voltage, high-mobility elec-
trons in the 2D QW were driven to the defect energy level,
leading to the formation of a non-volatile and completely insu-
lating state. Conversely, the trapped electrons were excited to
2DEG QW via optical illumination once again, leading to the
formation of the non-volatile conducting state. Thus, a metal-
insulator transition (MIT) co-modulated by voltage gating and
optical illumination was achieved, which also exhibited a high
resistance ratio between the insulating and conducting states.
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2. Experimental procedure

A series of LAO/STO heterostructures with different LAO thick-
nesses and annealing conditions were prepared via the pulsed
laser deposition method. The interfaces were characterized via
aberration-corrected high-resolution scanning transmission
electron microscopy (HR-STEM), and the existence of defect
energy levels induced by the oxygen vacancies was confirmed
by in situ electron energy loss spectroscopy (EELS). The electri-
cal transport properties were measured using a Quantum
Design Dynacool system combined with a Keithley 2636 source
meter, 6221 current source, and 2182 voltage meter. Details for
the sample preparation and physical properties measurement
process can refer to the ESL7

3. Results and discussion

The LAO films were grown on TiO,-terminated STO substrates.
Based on the reflective high-energy electron diffraction
(RHEED) images and intensity oscillations (Fig. 1a), it is
evident that the film growth proceeded layer by layer, which is
further confirmed by the step-and-terrace topography of the
atomic force microscopy image of LAO films in Fig. 1b. Fig. 1c
depicts the R-T curve of the 2DEG sample with LAO thickness
of 6 unit cells (uc). The resistance decreases with decreasing
temperature, which is consistent with the conducting behavior
of 2DEG. It should also be noted that the resistance exhibits
an increase below ~20 K (Fig. S1f) with further decrease in
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temperature, which can be attributed to the Kondo effect'?
and weak localization."” The inset of Fig. 1c schematically
depicts the experimental setup used for the characterization of
the electric transport properties modulated by voltage gating
and illumination. The gating voltage is applied to the bottom
side of the STO substrate while keeping the top surface
grounded. The high-quality growth is further confirmed by the
HR-STEM image (Fig. 1d). An apparent contrast is observed
between the STO and LAO layers due to the large difference
between the atomic Z numbers of La (57) and Sr (39). The
interface is clear without any diffusion, and the LAO thickness
is 6 uc, which is consistent with the result obtained via
RHEED.

It was reported that the conducting interfacial area in LAO/
STO is located ~7 nm below the LAO layer within the STO sub-
strate.”® Thus, HR-STEM equipped with EELS was used to
study the conducting mechanism of the LAO/STO hetero-
structure as its spectrum-collection area is smaller than 1 nm?
and can be precisely controlled. In situ EELS were collected at
the LAO layer (highlighted in blue), the interfacial area (high-
lighted in black), and the region 15 nm away from the interface
(highlighted in red). The corresponding areas are schemati-
cally depicted in the inset of Fig. 1e. EELS provides infor-
mation on both the O and Ti states from the O-K (O 1s to 2p)
and Ti-L (Ti 2p to 3d) core edges, which is useful in the charac-
terization of the oxygen vacancies in the LAO/STO 2DEG
system.?>?°733 The peaks in the Ti spectrum correspond to the
excitation of electrons from the inner 2p;/, (L3 edge) and 2p,,
levels (L2 edge) to the narrow unoccupied 3d band, resulting
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Fig. 1

(a) RHEED oscillations during the growth of the 6 uc LAO film and RHEED diffraction patterns before (top-right inset) and after (bottom-left

inset) the growth. (b) AFM images of 2 x 2 um? surface morphology of the LAO/STO sample, inset depicts a large view with the size of 5 x 5 um?. (c)
R-T curve of the LAO/STO heterostructure, inset schematically illustrates the structure of the prototype device. (d) STEM cross-section image of the
6 uc thick LAO/STO heterostructure. (e) Ti-L edge and (f) O-K edge electron energy-loss spectra at different regions of the LAO/STO hetero-
structure. The inset of (e) schematically depicts the regions where the spectra were collected.
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in two narrow peaks. They are further doubled by the crystal-
field split induced by the surrounding O atoms,?® namely, the
lower energy t,, and higher energy e, levels. In Fig. 1e, the Ti
spectrum (highlighted in red) collected at the region located
away from the interface was observed to exhibit a typical Ti
spectrum in the STO layer with doubled L2 and L3 peaks.*
For the Ti spectrum (black) collected at the interfacial area, the
intensity of the L2 t,, peak was observed to have weakened sig-
nificantly. The weakening of the L2 t,, peak corresponds to the
transfer of Ti*" to Ti*" for Ti ions near the interface, which was
induced by the introduction of oxygen vacancies.*® Fig. 1f
depicts the O 1s spectrum collected in different areas, as indi-
cated in the inset of Fig. 1e. The O spectrum (highlighted in
blue) collected at the LAO layer is a typical O 1s spectrum for
LAO.** The A1 and A2 peaks correspond to the interaction of
the O atom with the two nearest Ti atoms—AL1 is correlated to
the Ti t,, orbital and A2 is correlated to the Ti e, orbital.
Compared to the Ti 2p spectrum, the difference between the
spectra collected at the interface area and the region located
15 nm from the interface within STO is insignificant, except
for a weak difference in the intensity. This can be attributed to
two reasons. (1) There are three times as many O sites as Ti,
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one oxygen vacancy nominally transfers two electrons to the Ti
3d bands; consequently, a slight change in oxygen can be
amplified in the Ti 2p spectrum. (2) The sample was annealed
in an oxygen atmosphere (1 Torr) at 500 °C, leading to the
minimization of the oxygen vacancies. Thus, it is difficult to
acquire much information about the oxygen vacancies based
on O 1s EELS.

Consistent with previously published works,
oxygen vacancies were found in the interfacial region via
in situ EELS analysis. Based on the EELS analysis results, we
proposed a model to realize reversible metal-insulator tran-
sition (MIT) in the LAO/STO 2DEG system via electric field
gating and optical illumination. As depicted in Fig. 2a, the
oxygen vacancies induced defect energy levels were supposed
to be slightly below the Fermi energy level and the electrons
were confined to 2DEG QW. In this case, the sample exhibited
a normal metallic 2DEG transport behavior. When a
sufficiently large positive pulse voltage (with a 300 ms pulse
width) was applied at the gate, the conduction band was bent
down and the electrons escaped from 2DEG QW to the defect
energy levels induced by oxygen vacancies (Fig. S2b¥). This was
verified to be an irreversible process by removing the applied
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Fig. 2 Metal-insulator transition mechanism. Schematic of the LAO/STO 2DEG system and corresponding potential energy profiles for the (a)
initial, (b) positive pulse voltage gating, and (c) illumination states. The arrows indicate the jumping directions of the electrons. (d) Schematic of the
reversible modulation of the metal—insulator transition using the positive pulse voltage gating and illumination processes.
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pulse voltage.**® After the removal of the applied positive
pulse voltage, the electrons were observed to remain in the
oxygen vacancies induced defect energy levels, and the device
was adjusted to an insulating state (Fig. 2b). Subsequently,
optical illumination was applied to excite the electrons back to
2DEG QW; following which, the system will revert to the metal-
lic state, as depicted in Fig. 2c. A detailed analysis of the influ-
ence of voltage gating and optical illumination was illustrated
in Fig. S2 and S3.1 Thus, as is shown in Fig. 2d, the reversible
modulation between conducting and insulating states can be
theory achieved by a combination of positive pulse voltage and
optical illumination.

To verify the model, electric transport properties measure-
ments were performed under different conditions. Fig. 3a
shows the R-T curves, first, the sample was cooled from 200 to
3 K using a constant gating voltage, V, of 0, 20, 50, 80, and 130
V (gating cooling), and then, the R-T curves were measured
during the warming process from 3 to 200 K without gating
voltage. In the second scenario, the sample was cooled without
gating, and then, a pulse gating voltage (200 V, 300 ms) was

View Article Online
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applied at 3 K. The R-T curve was also measured by warming
the sample from 3 to 200 K without gating voltage. In the V, =
0 V cooling process, the R-T curve exhibits an overall metallic
behavior. The upturn at low temperatures may be related to
the Kondo effect induced by the interplay between the loca-
lized Ti 3d orbital moment and unlocalized electrons."? As V,
was increased, the resistance was observed to significantly
increase over the entire temperature range. When V, was
increased above 50 V, the behavior of the R-T curves was
observed to change dramatically, and the low-temperature re-
sistance was observed to increase beyond the measurement
limit of our instruments at V, = 130 V. This observation indi-
cates that the electrons are transferred from 2DEG QW to the
defect energy levels by the gradual positive gating. It may also
suggest the existence of an energy gap between the 2DEG QW
and defect energy level, which blocks the transfer of free elec-
trons between these two states. The existence of an energy gap
is supported by the avalanche-like sharp drop in the resistance
that was observed at 91 K in the curves corresponding to V, =
130 V (gating cooling) and V, = 200 V (zero-gating cooling).
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Fig. 3 Metal-insulator transition co-modulated by voltage gating and illumination process. (a) Gating voltage-dependent R—T curves of the 2DEG
system. (b) Resistance of 2DEG as a function of the gating voltage, the sample was cooled to 2 K without a pre-gating process. The corresponding
band structure has been schematically depicted in the bottom-left, middle-right, and top-right insets for the Initial, ON, and OFF states, respectively.
As illustrated in the top-left inset, the reading current (/,.,q) and write voltage (W), which follows a triangular profile, are applied simultaneously. The
directions of the sweeps are indicated by arrows. (c) Reversible switching of the resistive state with the sample pre-gated by a positive voltage. The
bottom-left and top-left insets depict the band structures corresponding to the ON and OFF states, respectively. The switching process is presented
in the right inset. (d) lllumination and voltage gating-co-modulated metal—insulator transition at T = 3 K.
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This avalanche-like effect is expected to be associated with
thermally the assisted jumping of electrons from the defect
energy levels to 2DEG QW and the decreasing dielectric con-
stant of STO substrates with the increasing temperature
(Fig. S87). Based on the avalanche-like sharp drop at 91 K, we
estimated the energy gap at 91 K to be as the thermal energy of
KgT = 7.83 meV. Above 91 K, the sample was observed to
recover its metallic behavior but with a much higher resis-
tance, indicating that not all the electrons could return to the
QW state due to the existence of the energy gap.

To gain a deeper understanding of the gating effect on the
electric transport properties of the heterostructure, the R-V
curve without a pre-gating process was measured at 2 K under
a constant current of 1 pA, as is shown in Fig. 3b. The depen-
dence of R on V, can be roughly divided into three sections:
the conducting (highlighted in blue), transition (highlighted
in red), and insulating sections (highlighted in dark yellow).
Within the conducting section spanning 0-50 V, where the re-
sistance was observed to decrease rapidly with increasing V.
This was followed by the transition section at V, > 50 V, which
exhibited a much slower decreasing relationship. The effect of
a back-gate voltage on the LAO/STO interface was observed to
be twofold. (1) It added electrons to QW when the gate voltage
was increased from zero and removed electrons from QW
when it was decreased. (2) It controlled the shape of the
energy band of QW by tilting the conduction band profile
within the STO substrate.'®*”° As schematically depicted in
the inset with a blue frame, the application of a small positive
gating voltage (which was not sufficient to bend the conduc-
tion band to the defect energy level) induced electrons to be
simply added to QW and allowed for a more conducting state.
During the transition process, a further increase in the positive
voltage caused the conduction band of the STO substrate to
bend down, leading to an overlap between the conduction
band and defect energy levels. This effect was observed to
induce the escape of electrons from 2DEG QW to the conduc-
tion band of the STO substrate, nearly causing a saturation in
resistance (as depicted in the inset with the red frame).*”*°
The final process was the insulating section. When the voltage
was decreased from 200 V, the resistance gradually increased
and finally reached the measurement limit (10 MQ). When the
gating voltage was reverted to zero, the device attained a com-
pletely insulating state as the electrons remained at the defect
energy level (the resistance of the sample was too high to be
measured using a multimeter with a measurement range of
200 MQ).

After the above-mentioned process, the sample remained
insulating at a low gating voltage situation (V, < 25 V) and
became conducting at a high voltage gating situation (Vg > 25
V) (see Fig. S4at). This suggests the possibility of resistance
modulation between the high and low resistance states by
varying V,. In Fig. 3(c), the V, of 0 V and 70 V were chosen to
realize the ON (low R) and OFF (high R) states. The corres-
ponding band structures for the ON and OFF states are shown
in the bottom-left and top-left insets, respectively. To verify the
reversibility of the ON/OFF states, we repeated the measure-

This journal is © The Royal Society of Chemistry 2022
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ment of R at V, = 0 and 70 V for 1000 times. The results
demonstrated very good reversibility even after 1000 cycles.
Further, the influence of a negative pulse voltage pre-gating
process on conduction states was also investigated. Our results
demonstrated that the negative pulse voltage pre-gating
process does not exert significant influence on the conduction
states as electrons return to 2DEG QW following the negative
pulse voltage pre-gating process. Further details can be found
in Fig. S5 and S6.7

Although the ON/OFF states can be achieved via a back-gate
gating method, the ON state was observed to be volatile, which
requires a sustainable voltage to bend the conduction band.
To achieve a nonvolatile ON state, the trapped electrons need
to be transmitted back to 2DEG QW. As depicted in Fig. 2c,
this is achieved via the illumination method. Fig. 3d presents
the influence of white light (wavelength of 400-900 nm) illumi-
nation at 3 K. The green zone illustrates the resistance of the
initial metallic state, which is cooled from 300 K without a pre-
gating process. Following the application of a 95 V voltage, the
sample becomes more conducting (cyan zone). However, it
becomes insulating when the voltage is removed (gray zone). It
maintains the insulating state unless the sample is illuminated
again. As is evident from the yellow region (under illumina-
tion), the resistance decreases sharply, and then, the sample
transfers to a metallic state following illumination over a short
period of time. During the illumination process, a 95 V voltage
is applied over a duration of 1 s, and the sample is immedi-
ately tuned to an insulating state after the gating process.
However, this state could be switched to the ON state using
the illumination condition. Our results demonstrate that
reversible modulation of the metallic and insulating states
could be achieved by a combination of optical illumination
and positive voltage gating processes.

To understand the physics underlying the above obser-
vations, we measure the Hall resistance at different gating vol-
tages and temperatures (3-30 K) to gain more information
about the free electrons. The samples are first cooled from
room temperature to 3 K, and then, a positive pulse voltage
(200 V, 300 ms) and negative pulse voltage (—40 V, 300 ms) are
used to pre-gate the sample. In Fig. 4a, following the positive
voltage pre-gating process, the sample becomes insulating.
Thus, each of the voltage-dependent Hall resistances is
measured by applying a consistent voltage capable of tuning
the sample into a conducting state. A linear dependence of the
Hall resistance on the applied magnetic field is observed with
a negative slope, which indicates the electron-dominated con-
ducting behavior. The voltage-dependent carrier density and
electron mobility deduced from the Hall effect measurement
is depicted in Fig. 4a and b, respectively. In Fig. 4a, the carrier
density increases monotonically with increasing voltage, and
although the mobility of electrons increases slowly from V, = 0
to 50 V, it is observed to increase sharply and attain a
maximum at V, = 73 V. With further increase in V,, the mobi-
lity decreases sharply and then increases to a nearly constant
value at approximately V, = 80 V. The non-monotonic behavior
of electron mobility is attributed to two factors—the carrier

Nanoscale, 2022, 14,12339-12346 | 12343
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(a) Voltage-dependent carrier density and mobility of the sample at 3 K corresponding to (a) positive voltage and (b) negative voltage. The

insets depict the Hall effect data measured at different voltages. Voltage and temperature-dependent mapping of the (c) carrier density and (d)

mobility of the electron.

density and trapping of electrons induced by band-bending. At
low gating voltages (V, < 50 V), which are insufficient to bend
the conduction band to the defect energy level, the electrons
were localized at the defect energy level, leading to a nearly
zero electron mobility and an extremely slow increase in the
carrier density gating voltage increasing from 50 to 73 V, the
localized electrons were delocalized due to the overlap
between the conduction band and the defect energy levels.
The higher the gating voltage, the stronger overlap will be.
Thus, both the electron mobility and carrier density were
observed to increase with increasing gating voltage. However,
the significantly increased electron density also induces scat-
tering between the electrons. Thus, the electron mobility
decreases with increasing gating voltage for gating voltages
exceeding 73 V. In Fig. 4b, in the negative voltage case, the
electrons in the 2DEG QW are gradually emptied by the nega-
tive voltage pre-gating process (Fig. S2, S5 and S6t), thus both
the carrier density and mobility are observed to decrease with
increasing negative voltage.

The mapping of the temperature- and voltage-dependent
carrier density and electron mobility for a sample pre-gated
using positive voltage (200 V) have been illustrated in Fig. 4c
and d. In Fig. 4c, the high carrier density state was observed to
exist within the high voltage and low temperature region. The
carrier density decreased monotonically with increasing temp-
erature and decreasing voltage. This temperature-dependent
behavior was primarily dominated by the decrease in the per-
mittivity of STO with increasing temperature (Fig. $81).*°** In
contrast, the voltage-dependent behavior was attributed to the

12344 | Nanoscale, 2022, 14,12339-12346

voltage-induced band bending.?® In Fig. 4d, the electron mobi-
lity exhibits strong temperature- and voltage-dependent behav-
ior. In this case, the electron mobility was primarily deter-
mined by scattering. Two types of scattering were observed in
the system—electron-phonon and electron-electron scatter-
ing. The former is temperature dependent, while the latter is
voltage dependent. Usually, electron mobility is known to
decrease with increasing temperature due to the enhancement
of electron-phonon scattering. However, in this system, the
mobility exhibits a mountain-like peak in the range between
73-80 V at approximately 5 K, indicating the dominance of
electron-electron scattering at low temperatures. When the
temperature was raised above 8 K, the mobility was primarily
influenced by electron-phonon scattering. Thus, electron
mobility was observed to decrease with increasing
temperature.

4. Conclusions

In summary, an electrically and optically erasable non-volatile
2DEG memory was developed in this study based on LAO/STO
heterostructures. High mobility electrons in the 2DEG
quantum were emptied via a positive gating process, which
induced an insulating state. Subsequently, the electrons were
excited back to 2DEG QW via optical illumination, which
caused the sample to return to a metallic state. The ON/OFF
state was verified to be robust with a ratio of over 10°, demon-
strating the potential of applications to non-volatile memory.

This journal is © The Royal Society of Chemistry 2022
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