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ABSTRACT

Memristors based on oxide tunnel junctions are promising candidates for energy efficient neuromorphic computing. However, the low
power sensing of the nonvolatile resistive state is an important challenge. We report the optically induced sensing of the resistive state of a
memristor based on a La0.7Sr0.3MnO3/BaTiO3/In2O3:SnO2 (90:10) heterostructure with a 3 nm thick BaTiO3 ferroelectric barrier. The
nonvolatile memristive response originates from the modulation of an interfacial Schottky barrier at the La0.7Sr0.3MnO3/BaTiO3 interface,
yielding robust intermediate memristive states. The Schottky barrier produces a photovoltaic response when illuminated with a 3.3 eV UV
LED, which depends on the state. The open circuit voltage Voc correlates linearly with the resistance of each state, enabling active sensing of
the memristive state at light power densities as low as 20 mW/cm2 and temperatures up to 100K. This opens up avenues for the efficient and
minimally invasive readout of the memory states in hybrid devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071748

The development of novel material platforms for bioinspired
computing is becoming an important challenge for materials science.
The rapid growth of digital data has prompted the need for energy effi-
cient computing architectures with processing capabilities far beyond
the current traditional von-Neumann paradigm.1–3 The human brain
is one of the most efficient computing systems with a power consump-
tion below 20W.4 Its computing elements, the neurons, are intercon-
nected by means of synapses forming a neural network with integrated
processing and memory, drastically reducing the energy fingerprint.4–7

Memristors are key elements for the implementation of neuro-
morphic computing architectures.2–4,8–10 They display different non-
volatile resistance states depending on their electrical history, enabling
artificial synapses with high storage density.11,12 The efficient readout
of these memristive states is one of the most important aspects for the
implementation of memristor devices in large arrays. The individual
electrical resistance readout (current measurement after applying a
voltage to each device or vice versa) has a high energy cost due to the
large number of memristors present in a neural network (1011 in the
human brain). The possible implementation of memristors with opti-
cal accessibility that allows the hybrid and active electrical detection of

the state with light pulses facilitates the simultaneous readout of all the
devices, drastically reducing the energy cost.13,14

Memristors based on oxide tunnel junctions exhibit large electrical
resistance ratios and the possibility to sensitively (and reproducibly)
readout memory states using their nonlinear current-voltage character-
istics. A wide category of memristors exploits the domain states of a fer-
roelectric tunnel barrier to define the intermediate resistance
states.8,9,11,15 Others rely on the sensitivity of the interfacial resistance to
the oxygen stoichiometry, which can be modified with an externally
applied electric field. In this case, a similar memristive response is
obtained because a continuous modulation of the oxygen vacancies con-
centration yields intermediate memristive states.16–22

We have recently shown in La0.7Sr0.3MnO3 (LSMO)/BaTiO3

(BTO) ferroionic tunnel junctions that the ferroelectric polarization
charges of BTO are compensated by ionized oxygen vacancies allow-
ing for strong ionization levels and gradual buildup of an interfacial
Schottky barrier giving rise to large amplitude resistive switching and
memristive response.23 Very recently, we reported photovoltaic effects
of a bipolar memory based on LSMO/BTO/In2O3:SnO2 (90:10) (ITO)
junctions and showed that this originates at the BTO/LSMO Schottky
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barrier.24 We anticipate that the photovoltaic effect can be finely mod-
ulated by controlling the height of the Schottky barrier. This result
might be of particular interest in view of the great interest attracted by
photovoltaic effects of structures involving ferroelectric layers, which
may be of pure ferroelectric origin or may originate at Schottky bar-
riers at the interfaces.13,14,20,24–29

The present work shows the nonvolatile, optical, and active sens-
ing of the resistance states of a memristor throughout the available
resistive switching (RS) range. Ferroionic tunnel junctions (FITJs)
with a LSMO (16nm)/BTO (3 nm)/ITO (150nm) layer structure dis-
play a robust memristive response driven by the accumulation of oxy-
gen vacancies at the LSMO/BTO interface. The accumulation of
oxygen vacancies controls the buildup of a Schottky barrier yielding
the observed photovoltaic effect, which is modulated by the barrier
height. Under UV irradiation, we find a linear correlation between the
open circuit voltage Voc and the resistance states of the device,
enabling the hybrid optical-electrical sensing of the memresistance.

We fabricated oxide junctions based on the epitaxial deposition of
LSMO and BTO bilayers onto (100) SrTiO3 (STO) substrates using
high purity oxygen (3.2 mbar) RF sputtering at 900 �C.30,31 Figure 1(a)
shows an atomic resolution high angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) image of an
LSMO/BTO bilayer capped with a Ni layer. Atomic resolution images
demonstrate flat layers with very high-quality epitaxy. Atomic resolution
compositional electron energy-loss spectroscopy (EELS) maps acquired
in the green region in Fig. 1(a) reveal an atomically sharp interface
between LSMO and BTO films, confirming the high quality of the het-
erostructure. Specimens for scanning transmission electron microscopy

were prepared by conventional mechanical polishing and Ar ion milling.
STEM–EELS observations are carried out in an aberration-corrected
JEOL JEM-ARM 200cF electron microscope equipped with a cold field
emission gun and a Gatan Quantum spectrometer. For spectrum imag-
ing, the electron beam is scanned along the region of interest, and an
electron energy-loss spectrum was acquired for every pixel with an
acquisition time of 0.03 s/pixel. Random noise is removed from EELS
data using principal-component analysis. Piezoelectric force microscopy
of these samples, using both amplitude and phase contrast (not shown),
displays hysteresis loops and ferroelectric domain reversal with a few
volts applied to the tip (see Fig. 1 of Ref. 23).

Tunnel junctions are fabricated by optical lithography with a
contact area of 5� 10 lm2. A 150 6 10nm thick ITO electrode was
deposited through an aluminum shadow mask with DC magnetron
sputtering at room temperature. The top transparent ITO electrode
allows optical access to the junction area. The electrical characteriza-
tion was performed with a two-terminal configuration as shown in the
inset in Fig. 1(b) with the bottom LSMO electrode grounded and
applying bias to the top ITO electrode by means of an SMU Keithley
2614B source measure unit. The measured optical transmittance of the
ITO electrode is over 80% at 3.2 eV, enabling the optical access to the
BTO barrier for UV illumination. The junction was illuminated with a
Thorlabs M375F2 LED with 375nm (3.3 eV) UV wavelength light,
shaped in a 1� 1mm2 spot and 1 mW maximum power measured at
the sample position. Power densities are calculated by dividing the
applied power to the spot area. The optoelectronic characterization
between 10 and 350K was implemented in a Montana closed cycle He
cryostat equipped with low UV absorption optical windows.

FIG. 1. (a) Atomic-resolution HAADF-STEM image obtained at an LSMO/BTO interface of a similar bilayer of 4 nm BTO thickness viewed along the [100] direction. Side panels
show EELS elemental maps at the LSMO/BTO interface obtained integrating the intensities at the Mn L2,3 (blue), La M4,5 (yellow), Ti L2,3 (red), and Ba M4,5 (green) edges. (b)
Sketch of the junction and the electrical connection. (c) Resistance at 10 K as a function of Vwrite in the dark (solid) and under UV (100 mW/cm2) illumination (open). Black sym-
bols show the major resistive switching hysteresis loop (�10 to 5 V), and colored symbols show four minor loops decreasing the maximum Vwrite in each one. The correspond-
ing four intermediate nonvolatile memristive states are indicated with arrows.
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The solid data points in Fig. 1(c) present the resistive switching
loops of the FITJ appearing when cycling the voltage at 10K in the
dark. The data are obtained from the low voltage I–V as the numerical
derivative dV/dI at a 100mV reading voltage (Vread), after setting the
resistance state with a ramp from zero to the Vwrite voltage and back to
zero. Note that the two consecutive RS cycles plotted are almost indis-
tinguishable. Black solid points in Fig. 1(c) show the main or major RS
loops, where positive voltages above 4V (electric fields directed toward
the LSMO/BTO interface) saturate the high resistance state (RHigh) or
the OFF state. In this state, the I–Vs show a strongly rectifying behav-
ior characteristic of a thermionic transport over a Schottky barrier, as
shown in Fig. S1(a) of the supplementary material. The RHigh state
remains stable until negative voltages below �8.5V are applied, when
the resistance switches to the saturated low resistance state (RLow) or
the ON state. This switching sets on the tunneling regime, as demon-
strated in Fig. S1(a) of the supplementary material, and the fits of the
I–Vs to the symmetric Brinkman’s tunneling model shown in the pan-
els (b)–(d) of the same figure. The tunneling electro resistance (TER)
ratio RHigh/RLow � 104 enables four orders of magnitude to study
intermediate resistance values when minor Vwrite loops are followed.
Solid colored symbols of Fig. 1(c) show four minor resistance vs Vwrite

cycles in the dark, in which the voltage is only increased to
Vwrite¼ 1.2–3.0 V, causing the intermediate remnant states with stable
resistance (nonvolatile). In the figure, these four intermediate memris-
tive states (M1–M4) are marked with arrows, showing the memristor
behavior of the tunnel junction in the dark. In these samples, the
increase in the resistance is reported to be a consequence of the grad-
ual accumulation of oxygen vacancies at the bottom interface, where
its presence was established from STEM EELS experiments.23,30 The
accumulation of oxygen vacancies builds up a Schottky barrier at the
LSMO/BTO interface responsible of the strongly rectifying behavior of
I–V s observed at large voltages [see supplementary material,
Fig. S1(a)].10,16–18 An important remark is that since both electrodes

are oxide metals with similar carrier densities in the 1021 cm�3 range
and, thus, similar screening lengths, a large ferroelectric electroresist-
ance is not expected in this system.32 The dc “write” voltage controls
the accumulation of oxygen vacancies at the bottom interface, and
thus, the height of the Schottky barrier allows for the stabilization of
the different memristive states [Fig. 1(c)].23 Open circles in this figure
are RS loops cycling Vwrite in the same range as in the dark but under
UV LED light with 100 mW/cm2 power density. The resistance of the
memristive states with light remains the same within experimental
error in all the resistance range in the figure, showing that the memris-
tive states remain stable under UV light, so that the photovoltaic
response of the Schottky barrier can be used to sense the resistance of
the different states without modifying them.

To analyze the maximum photovoltaic response of the FITJ, we
set the high resistance state RHigh of the device and record the I–V
curves for voltages between 200 and �200mV. This range is small
enough not to change the set resistance state. Black solid points in
Fig. 2(a) show the I–V curve of the FITJ at 10K in the high resistance
state, RHigh, in the dark. The data show a forward biased diode-like
behavior for negative voltages, when the electric field points from the
LSMO to the BTO, according to the grounding of the LSMO layer and
previous results.23,24 The I–V characteristic (open symbols) under
3.3 eV LED radiation with 100 mW/cm2 power density shows the
photovoltaic response of the device, i.e., non-zero voltage at zero cur-
rent, the open circuit voltage Voc, and non-zero current at zero voltage,
the short circuit current Isc. Since the voltage is applied to the top elec-
trode with the LSMO grounded, the photogenerated electrons are
driven by the Schottky barrier to the top ITO electrode and the holes
to the LSMO interface.24 This produces a “positive” photocurrent and
a “negative” Voc in Fig. 2(a) according to the electric circuit con-
nections specified in Fig. 1(b). In the RHigh state, photogenerated
carriers are separated by the “built-in” electric field (Ebi) that arises
in the depletion region of the Schottky barrier [inset of Fig. 2(a)].

FIG. 2. (a) I–V curves in the RHigh in the dark and under UV (100 mW/cm2) illumination. Inset is a sketch of the band diagram, indicating the variation of the Schottky barrier
for different memristive states. (b) Resistance of different memristive states at 10 K as a function of the measured jVocj for 20 and 100 mW/cm2 power densities. Dashed lines
are guides for the eye with slope 1 corresponding to a linear correlation. The inset shows the Voc vs time for RHigh and RLow memristive states (top curves), measured under
light pulses of 5 s (bottom curve).
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The carrier injection into the electrodes, holes into the LSMO, and
electrons into the ITO are helped by the depolarization field that
appears with the polarization pointing toward the ITO elec-
trode.24,29 A photocurrent (Isc) is then generated in the same direc-
tion as the Schottky built in electric field Ebi and opposite to the FE
polarization, as shown in the simplified band diagram in the inset
of Fig. 2(a).29

Figure 2(b) presents the correlation of the resistance of each mem-
ristive state with the corresponding jVocj observed in the same state
under UV light. These data are obtained by directly measuring the active
photovoltaic response Voc, output by the junction without applying
current, as the illumination power is turned on and off. The inset of
Fig. 2(b) illustrates the time dependent voltage response of the FITJ with
illumination, which defines the Voc value during the 5 s light time, in
the RHigh (blue) and RLow (red) states. These high sensitivity measure-
ments allows for the detection of a residual photo response even in the
low resistance state with Voc values in the mV range. Considering the
two sets of data of Fig. 2(b), the increase in Voc with the light power
density is in agreement with the Schottky transport equation33

Voc ¼
kBT
Nq

ln 1þ Isc
I0

� �
; (1)

with N being the ideality factor, Isc being the photogenerated current,
I0 being the reversed bias saturation current, and kBT/q being the ther-
mal voltage. The power density enters this equation through Isc, which
is proportional to the light power, as shown in Fig. S2(a) of the supple-
mentary material and in agreement with previous results.24

Therefore, Fig. 2(b) is the dependence of the resistance of each
memristive state with the active voltage generated by the FITJ under two
different power densities (100 and 20 mW/cm2) of UV LED illumina-
tion. Within experimental error, the line with slope one in the double
logarithmic plot [Fig. 2(b)] implies a linear resistance vs Voc dependence.
This linear behavior is explained in terms of bending of the energy bands
of the FITJ barrier. An increase in the FITJ resistance implies an increase
in the Schottky barrier at the LSMO/BTO interface as shown in the inset
of Fig. 2(a). Furthermore, this implies an increase in the barrier built in
electric field and the consequent extension of the depletion region width,
so that the photogenerated carriers experience a separation with a higher
electrostatic potential, showing a higher Voc.

The thermionic emission current in a Schottky junction is given
by33

I ¼ AA�T2exp � qu0

kBT

� �
exp

qV
kBT

� �
� 1

� �
; (2)

where A� ¼ 4pm�qk2

h3 is the Richardson constant (1.2� 106 m�/m Am�2

K�2),m� is the effective mass,A is the cross section of injected carriers,
and u0 is the energy band step in the metal semiconductor interface,
u0 ¼ vþ ðEc � EFÞ, the semiconductor electron afinity v plus the dif-
ference between the conduction band edge (Ec) and the Fermi level
(EF) of BTO. To calculate the open circuit voltage, the photocurrent Isc
is added in parallel with negative sign as it is a reversed current, and
the Voc can be approximated (neglecting 1 since the voltages expected
are much greater than kBT/q) as

Voc ¼
kBT
q

ln
Isc

AA�T2

� �
þ u0: (3)

This equation explains the linear correlation of Voc with the built
in Schottky barrier incorporated in u0 at constant temperature.
The linear dependence of the memristive resistance vs Voc shown in
Fig. 2(b) for two UV light intensities demonstrates the photovoltaic sens-
ing of the memristive state spanning four orders of magnitude of resis-
tance. Since the photovoltaic response is directly linked to the Schottky
barrier, the linear correlation found between Voc and the resistance value
confirms the origin of the memristive response in the Schottky barrier
generated in the minor RS cycles, in good agreement with previous
results.2,10,17,23,24

Direct measurements of Isc under illumination, without applying
any voltage to the FITJ, show a constant value of approximately 1.2 nA
for both the extreme RHigh and RLow memristive states, Fig. S2 of the
supplementary material. The fact that Isc does not depend on the
memristive state resistance of the junction means that the same num-
ber of photocarriers is generated for the different states and, therefore,
different Schottky barrier heights. Since BTO is the optically active
layer of the FITJ under UV illumination,24 the number of photogener-
ated carriers depends on the BTO bandgap, the thickness of the BTO
absorbing layer, and the illuminated area of the device. None of these
parameters change when the memristive state of the device is switched
and the Schottky barrier modified, so the number of excitons gener-
ated when the junction is switched under UV light should remain
approximately the same, as observed. The Isc observed in the RLow

memristive state can be explained in terms of the same residual energy
band bending that originates a mV photovoltaic response in the low
resistance memristive state [inset to Fig. 2(b)]. This bending is enough
to separate the electron-hole pairs, giving rise to the generation of a
photocurrent independent of the resistance state of the junction. The
linear relation of Isc and the power density of the LED observed in Fig.
S2(a) of the supplementary material support this scenario.24

Figure 3(a) shows the major RS loops at increasing temperatures,
10, 50, and 100K. The TER ratio RHigh/RLow is reduced according to
the different thermal behavior of each state. The RHigh state has a semi-
conductor/insulator behavior with a resistance that decreases increas-
ing temperature. The RLow state is characterized by symmetric I–Vs
that can be fitted within Brinkman’s tunneling model34 (Fig. S1 of the
supplementary material) with resistance that slightly increases with
temperature.24 The weak temperature dependence of RLow may be
ascribed to the metallic behavior of the bottom electrode, connected in
series with the junction.35 As a result, the TER ratio is reduced, and
when the intermediate memristive states are probed, the accessible
window decreases.36 Figure 3(b) presents the correlation of the resis-
tance of the memristive states with the corresponding active voltage
jVocj measured, as explained in the inset of Fig. 2(b) at 10, 50, and
100K. The same qualitative behavior is observed with increasing tem-
perature with a linear correlation of the memristive state resistance
and the voltage Voc output by the FITJ. The decrease in Voc observed
with increasing temperature in the figure is in qualitative agreement
with the temperature dependence expected from Equation 3. In a simi-
lar fashion, the Isc is also decreasing with temperature as observed in
Fig. S2(b) of the supplementary material, which hinders optical detec-
tion of memresistance at room temperature. Future work will be
devoted to engineer FITJ with hybrid optical functionalities at room
temperature. The presence of the Schottky barrier accounts per se for
the photovoltaic effect, particularly in view of the good agreement of
the open circuit voltage with the Schottky transport model.
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Furthermore, it is important to remark that the photovoltaic effect
vanishes in the low resistance state, dominated by tunneling transport.
This suggests that polarization induced contributions to the photovol-
taic effect37–39 may be absent or very small for this ultrathin ferroelec-
tric layer.

In summary, we fabricated ferroionic tunnel junctions with the
LSMO (16nm)/BTO (3nm)/ITO (150nm) structure that show resis-
tive switching due to the formation of an optically active Schottky bar-
rier at the LSMO/BTO interface. Major RS loops display maximum
RHigh/RLow ratios of the order of 104 at 10K, and minor cycles illus-
trate the existence of stable intermediate nonvolatile memristive states.
Four reproducible and distinguishable states are shown to be robust
under UV light, demonstrating the functionality of the FITJ device for
optically induced sensing. Under UV illumination, a solid photovoltaic
response appears, which is modulated by the Schottky barrier potential
profile. The Voc generated by the device is linearly correlated with the
resistance of each memristor state, enabling optically induced sensing
of the states. This important result facilitates the active and parallel
sensing of memristors and other ultra-low consuming devices and
opens routes for the development of both energy efficient memory
and neuromorphic devices.

See the supplementary material for the transport characterization
of the tunneling low resistance state and the Schottky high resistance
state and the photogenerated current Isc measured at different power
densities and temperatures.
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