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We report a new type of memory device based on insulating LaAlO;/SrTiO3 (LAO/STO) hetero-interface.
The microstructures of the LAO/STO interface are characterized by Cs-corrected scanning transmission
electron microscopy, which reveals the element intermixing at the interface. The inhomogeneous element
distribution may result in carrier localization, which is responsible for the insulating state. The insulating
state of such interface can be converted to metallic state by light illumination and the metallic state
maintains after light off due to giant persistent photoconductivity (PPC) effect. The on/off ratio between the
PPC and the initial dark conductance is as large as 10°. The metallic state also can be converted back to
insulating state by applying gate voltage. Reversible and reproducible resistive switching makes LAO/STO
interface promising as a nonvolatile memory. Our results deepen the understanding of PPC phenomenon in
LAO/STO, and pave the way for the development of all-oxide electronics integrating information storage
devices.

two insulating materials LaAlO;/SrTiO; (LAO/STO) in 2004'. Many novel properties were found in this
system, such as two-dimensional confinement of electron gas®?, electrically modulated transport char-
acteristics*’, magnetic order®®, superconductivity’ ", and coexistence of both magnetism and superconduct-
ivity'", and so on, suggesting vast applications of oxide interfaces in future. For oxide electronics, two key
devices are processor and memory'. Field effect transistors based on 3 unit cell (u.c.) LAO on STO were presented
previously'®'”, which may serve as the unit of processors. So far, memory devices based on LAO/STO interfaces
are still highly desirable. The memory devices need reversible transformation between high resistance state and
low resistance. The persistent photoconductivity (PPC) has been found in the oxide interfaces, which provides a
low resistance state'®*°. The PPC effect is believed to be caused by spatial separation of electrons and holes. Under
light illumination photogenerated electrons will be trapped in the interfacial potential well, which leads to
decrease of interface resistance. When light is off, the trapped electrons in the potential well will not recombine
with holes due to energy barrier between them. To construct the memory devices, it still needs a high resistance
state. To make progress in this direction it is essential to enlarge the resistance difference between dark and
illumination condition, enhance PPC effect, and realize fast and reversible switching between low/high resistance
states. To realize large on/off ratio under light illumination, insulating interface is obviously superior to con-
ductive interface. Therefore, it is very interesting and significant (but never attract enough attention before) to
investigate insulating oxide interfaces and develop their potential applications, especially optoelectronic devices.
Here we report the initially insulating LAO/STO interface, which is ascribed to the carrier localization at the
interface and is for the first time characterized by the atomically resolved elemental distribution at the interface.
The devices undergo an insulator-metal transition under light illumination. The metallic states are still survived
after turning off light illumination due to a giant PPC effect. The devices can be switched back to high resistance
state triggered by a gate voltage pulse. The reversible and reproducible insulator-metal transition is used to
demonstrate nonvolatile memories based on such insulating LAO/STO interface. Our results may be helpful
for the integration of all oxide electronics.

O xide interface attracts great interest since the discovery of high mobility electron gas in the interface of

Results
LAO thin film was deposited on TiO, terminated STO(001) substrate by pulsed laser deposition at a high O,
partial pressure of 5 X 1072 Pa, close to that used in reference®'. The cross sectional high-angle annular dark-field
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Figure 1| Chemical mapping with atomic resolution of LaAlO,/SrTiO; interface. (a) High resolution STEM image of LAO/STO interface. The LAO and
STO regions are clearly distinguished from each other in those regions far from interface (>~u.c.). (b) High-magnification STEM image of LAO/STO
interface, showing the detailed microstructures close to the interface. (c) to (g) are atomically resolved chemical mapping of Al, La, Ti, Sr, and O

respectively, obtained in the same area as (b). Scale bars, 1 nm.

(HAADF) image of LAO/STO interface, acquired by a Cs-Corrected
Scanning Transmission Electron Microscopy (STEM), is demon-
strated in Figure 1a. We can see single crystal LAO epitaxially grown
on STO substrate. The LAO layer thickness is ~ 7 nm (~19 u.c.), as
determined by STEM. Considering the different brightness contrast
in STEM relate to the atomic number (Z) and the different lattice
constants, the LAO and STO are clearly distinct, as shown in
Figure 1b*. In order to determine the distribution of each element,
we performed atomically resolved energy-dispersive X-ray spectro-
scopy (EDS) mapping in the same area. It is found that element
intermixing occurs within ~ 2 u.c. at the interface, as shown by
the atomically resolved element mapping in Figure lc-g. We
observed that La intermixing into STO substrate, as shown in
Figure 1d. The intermixing degree is greatly lowered for other ele-
ments of Al, Ti, Sr, as displayed in Figure 1c, e and f. The distribution

of oxygen looks uniform in both LAO and STO (Figure 1g). Four
other areas covering LAO/STO interface were measured using this
atomic element mapping technique, similar intermixing phenom-
enon was observed. Such cation intermixing may be induced by high
growth temperature (800°C here). Cation intermixing, especially La,
determines the unique interface properties shown in the following
part.

In dark condition, the LAO/STO interface displays insulating
behavior as the resistance increases with decreasing temperature,
as shown in Figure 2. The insulating behavior of oxide interfaces
such as LAO/STO'"*' and NdAIO;/SrTiO5* has been reported prev-
iously, which was attributed to disorder induced localization. We
observed obvious La intermixing into STO, which is inhomogeneous,
as shown in Figure 1d. This inhomogeneity strongly supports that
disorder induced localization leads to insulating behavior of our

10" b 4
10°¢
g light ]
~10°Fk Au/Ti —&— Dark _:
& : ‘ —@—325nm ;
§ , L —4A— 514 nm ]
s 10 F —0— UV off (10 min later) E
7)) F B
2 : A AAAAAA
D I AAAALAAA, ]
© qorl ,Aakpddaadbant 00
: 0000009°° ooo’
10° ;‘000000004’”&0 E
‘o000 00 ]

104 , | , | , | , | , | , |
0 50 100 150 200 250 300

T (K)

Figure 2 | Temperature dependent resistance of LAO/STO interface. The samples show an insulating behavior in the dark, while changes to a metallic
state under illumination and even light off 10 minutes later. Inset shows the schematic of device structure for photoconductivity measurement.
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Figure 3 | Photoelectric response of LAO/STO. (a), (b) Temporal evolution of photocurrent excited by 325 nm laser at 300 K and 10 K, respectively.
(¢), (d) Photocurrent response with excitation by 514 nm laser at 300 Kand 10 K, respectively. Insets are photoresponse of bare STO for comparison. The
325 nm and 514 nm laser powers are 17 pW and 3.7 mW, respectively. The illumination spot size is ~ 10 pm in diameter. Voltage bias is 0.2 V for all
LAO/STO measurements, while 1 V.and 5 V for bare STO with illumination of 325 nm and 514 nm lasers, respectively.

sample. Although there may be doping effects from La, which usually
actas donors in STO, the existence of edge dislocations in the vicinity
of LAO/STO interface (as shown in Fig. S1) may serve as acceptors,
which in some extent keep the interface insulating. Such insulating
property provides an opportunity for optoelectronic devices, because
it makes it easier to realize large on/off ratio under light illumination.
To quantify the on/off ratio, we measured the photoconductivity
property at different temperatures, using 325 nm and 514 nm lasers
for excitation, respectively. The schematic of our device for pho-
toconductivity measurement is shown in the inset of Figure 2.
During measurement, the center area between two electrodes was
illuminated and meanwhile we measured current at a constant volt-
age. Whether light on or off, current-voltage curves were linear. The
resistance under 325 nm and 514 nm lasers illumination at different
temperatures are plotted in Figure 2. The resistance decreases with
decreasing temperature under illumination by 325 nm laser or
514 nm laser, indicating a metallic behavior. Compared to the res-
istance in dark, the resistance under 325 nm laser illumination falls
off by more than two orders of magnitude at 300 K and more than
five orders of magnitude at 10 K. The most interesting phenomenon
is that the photoconductivity of LAO/STO interface is also notable
under 514 nm laser illumination, which changes more than one and
nearly four orders of magnitude at 300 K and 10 K, respectively. For
comparison, bare STO shows a very large resistance (~10"" Q) under
514 nm laser illumination (Fig. S2). The resistance of bare STO
under illumination of 325 nm laser is also much larger than that of
LAO/STO under the same illumination. It can be inferred that the
large photoelectric response is originated from the LAO/STO inter-
face. The significant photoelectric response to visible light suggests
that there may have midgap states and carrier localizations in the
LAO/STO interface.

To study the detailed photoconductivity behavior, we measured
the temporal dependent photocurrent at a constant voltage. The
photoresponse of LAO/STO under illumination of 325 nm laser at
room temperature is shown in Figure 3a. Besides a large conductance
change from 35 nS to 2.8 pS, a giant persistent photoconductivity
after light off was observed. For comparison, photoresponse of bare

STO (with the same electrode geometry as LAO/STO) with the same
illumination condition is shown in the inset of Figure 3a, which
demonstrates a much smaller photoconductivity (only 13 nS) and
a fast decay. Although the STEM results show that the STO near the
interface may be doped with La, there are not literatures showing
PPCin La doped STO. Therefore, we believe that the PPC is not due
to the STO. The large PPC of LAO/STO can be attributed to the
existence of potential well in LAO/STO interface. Compared to sharp
LAO/STO interface, our sample may have a buckled polar interface,
and the polar strength may be weakened. Although the chemical
abruptness is reduced in our sample, the polar discontinuity may
still exist, resulting in the potential well in the interface®. The poten-
tial well can trap photo-generated electrons from the localized states,
and the trapped electrons need overcome an energy barrier to recom-
bine with holes after light off, resulting in the large PPC. As decreas-
ing temperature from 300 K to 10 K, the photoconductivity
increased one order of magnitude and the photocurrent recovery
after light off became much slower, as shown in Figure 3b. The
improved photoconductivity and enhanced PPC effect at low tem-
peratures are attributed to the reduced phonon scattering and thermal
activation'>”. By 514 nm laser illumination, a photoconductance of
250 nS and a similar PPC effect were observed at room temperature,
as shown in Figure 3c. However bare STO showed very small photo-
conductance (only 6.4 pS) at the same condition (inset of Fig. 3c).
At 10 K, the LAO/STO device shows a larger photoconductance
(~625 nS) and also a slower decay after 514 nm laser off (see Fig. 3d).

Figure 4a demonstrates temporal decay curves of the PPC after
switching off the illumination of 325 nm laser at different tempera-
tures. Here, the resistance variation (ARppc) is normalized by the
Rppc measured at the immediate time after switching off the illu-
mination. We can see clearly that the decay becomes faster with
increasing temperature. Every decay curve can be well fitted
by Kohlrausch stretched exponential expression ARppc~ exp

B

{f (%) }25. Decay time constant T at different temperatures are
plotted in Figure 4b, from which we can calculate the activation
energy AU using expression 7~ 1 exp(AU/kgT)*?*. Here kg is
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Figure 4 | Decay behavior of resistance variation after light off.

(a) Normalized resistance variation as a function of time after switching off
the illumination of 325 nm laser at different temperatures. The decay
curves are well fitted by Kohlrausch stretched exponential expression

AR ~ exp[-(t/1)P]. Here T and [ are decay time constant and exponent. (b)
In T vs the reciprocal of temperature (1/T).

Boltzmann constant. At high temperature region (T > 70 K), the
recombination of carriers is dominated by thermal activation with an
activation energy of 154 meV, which is larger than that of conductive
LAO/STO?. At low temperature region (T < 30 K), the decay time
constant T does not vary with temperature, suggesting a tunneling
process dominated electron-hole recombination. A mixture of both
recombination processes was observed between 30 K and 70 K. It is
notable that the decay is extremely slow (see Int in Fig. 4b), indi-
cating that the PPC is rather robust in the measureable time range.
As shown in Figure 2, the R-T curve shows still metallic behavior
when 325 nm laser is off ten minutes later. The PPC effect triggers
the LAO/STO from high resistance state to low resistance state using
light pulse. Applying a back gate voltage, the system can be reset to
high resistance state. Figure 5 demonstrates the performance of a
prototypical memory based on such oxide interfaces at 300 K. The
low resistance state was excited by 514 nm laser. The system main-
tained at the low resistance state after laser off due to the PPC effect.
The PPC was then quenched via applying a back gate voltage pulse of
200 V, realizing a conversion from “1” to “0” state. Employing the
metal-insulator transition, the electrically tunable optical switching
on/off is more notable than that of the devices based on conductive
oxide interfaces'”*>*. At low temperature, the on/off ratio of one
order of magnitude was observed (Fig. S3a). Additionally using
325 nm laser as a excitation source is helpful to obtain a lower res-
istance and the application of 200 V gate voltage pulse leads to a large
photocurrent reduction of AI ~ 6 pA at 1 V bias (Fig. S3b).

Discussion

It should be mentioned that the physical mechanism of our memory
device is intrinsically different from resistance switching effect in the
same system, which relies on oxygen ion transfer*®. PPC effect in
oxide interfaces is mainly due to carrier being trapped at interfaces.
The schematic of the origin of the memory effect illustrating the band
structure under photoirradition and gate voltage is shown in
Figure 6. When a positive back gate voltage was applied, the potential
barrier will be lowered, and electrons trapped at the interface will
easily cross the barrier and refill the localized states. The localized
electrons will not go back to interface after the back gate voltage is
removed, leading to a reduction of carrier density in LAO/STO
interface and an increase of resistance as shown in Figure 5. For
325 nm laser excitation, the photogenerated electrons from the bulk
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Figure 5| Memory effect of insulating LAO/STO interface. (a) Revisable memory operation cycles. The 514 nm laser illumination was used for Write
operation to produce the On state. The back gate voltage was used for Erase operation to return to the Off state. The source-drain bias voltage 0of 0.2 V was
applied to perform the Read operation. (b) Voltage pulses applied to the back gate. Duration is ~ 2 seconds. The experiments were performed at 300 K.
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Figure 6 | Schematic energy band diagram showing mechanism of
memory effect. (a) Electrons are trapped in the potential well at the
interface after light illumination. (b) The potential barrier is lowered by
gate electric field, leading to photocarriers recombination.

STO also can diffuse into the potential well at LAO/STO interface,
resulting in a larger PPC and a larger resistance change for the
memory devices. At room temperature, thermal activation will result
in a reduction of resistance change.

In conclusion, we found that the insulating LAO/STO interface
can be converted to metallic state by light illumination (UV or visible
light). The metallic state still maintains after light is off due to PPC
effect. The resistance difference between the PPC and the initial dark
state is as large as 10* at 10 K with excitation of 325 nm laser. The
decay time constant of PPC in such insulating LAO/STO interface
is extremely long, indicating a robust metallic state of PPC.
Considering the large decay time constant of PPC and high on/off
ratio, we demonstrated a novel application of such insulating LAO/
STO interfaces as memory devices, whose “1” state is triggered by
light illumination, holds due to PPC effect, and returns to “0” state by
application of a back gate voltage. Our results indicate LAO/STO
interface is a promising candidate in future information storage
devices in oxide electronics.

Methods

Growth. STO (001) substrates with a thickness of 0.5 mm were etched in buffered
hydrofluoric acid (BHF) and then annealed in oxygen (0.7 bar) at 1150°C for 1 hour
to obtain TiO, terminated STO. LAO thin film was epitaxially grown on STO by
pulsed laser deposition (PLD) using a KrF excimer laser with fluence of ~ 2.1 J/cm?
and a repeat rate of 1 Hz. Substrate temperature was kept at 800°C during deposition
with an oxygen pressure of 5 X 10~* mbar. After deposition, it was post-annealed in
200 mbar O, at 600°C for 30 minutes and then cooled down to room temperature at
the same pressure.

Characterizations. Cross-sectional samples of LAO/STO were prepared and then the
microstructures and atomically resolved element mapping were characterized by
spherical aberration corrected scanning transmission electron microscope (Titan G2
80-200 ChemiSTEM, FEI). The interface of LAO/STO was electrically contacted by
Ti/Au electrode via the processes including photolithography, Ar ion etching,
electron-beam evaporation deposition, and lift-off. Channels with dimensions of
110 pum X 150 pm were defined for investigation. Photoconductivity at temperatures
ranging from 10 K to 300 K was measured in a close-cycle helium cryostat, and the
excitation by 325 nm and 514 nm laser was guided via a Renishaw inVia confocal
optical system. All electrical measurements were performed using Keithley 4200 and
Agilent 2912A.200 V voltage pulses (corresponding to electric field strength of 4 kV/

cm) were used to quench the persistent photocurrent. The duration and period of
such voltage pulses were 2 S and 80 S respectively.
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